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FOREWORD

This Technical Data Report is submitted to the NASA Langley Research
Center by the AiResearch Manufacturing Company, Los Angeles, California, a
division of the Garrett Corporation. The document was prepared in compliance
with Part V1|, Paragraph A of NASA Contract No. NAS 1-6666, and Paragraph
6.3.3.2 of NASA Statement of Work L-4947-B,

Interim Technical Data Reports are generated on a quarteriy basis for
each major program task under the Hypersonic Research Engine Project. Upon
completion of a given program task, a Final Technical Data Report will be
submi tted.

The document in hand presents a detailed technical discussion of Struc-
tures and Cooling Development for the period of 3 February through 3 May 1967.
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1.0 PROBLEM STATEMENT

The objective of the structures and cooling development program is to
analyze, design, and fabricate the regeneratively cooled surfaces and their
associated structures, and to verify the performance of these surfaces and
structures at conditions which simulate the operating conditions expected
in the flight test engine.

The Hypersonic Research Engine requires regenerative cooling on all sur-
faces that contact the engine airstream. The use of ablative coating on the
engine aerodynamic surfaces is barred by the Statement of Work to minimize
extraneous effects on engine performance. No such restriction is imposed on
the engine cowl, therefore ablative protection is used for this component.

The characteristic design problem in regeneratively cooled structures for
this type of application is associated with the large heat fluxes encountered
over major portions of the engine surfaces. These heat fluxes range from
values of approximately 10 Btu/sec-ft? to 1400 Btu/sec-ft? on the stagnation
line of the support strut leading edge. The conservation of fuel requires
that these heat fluxes be accommodated at temperature differences across the
regeneratively cooled surfaces which range up to approximately 600°F in
flat surfaces and 1000°F in leading edge areas. These temperature differences,
in turn, result in strains which cause plastic deformation of the hot sur-
faces. Design is therefore controlled by low cycle fatigue. Uncertainties
associated with the prediction of low cycle fatigue performance have led to
heavy emphasis, in the experimental portion of the program, on the evaluation
of the low cycle fatigue performance of the engine components.

The general objectives set for performance of the cooled structures are
as follows:

Design life - 10 hr of hot operation, of which 3 hr are to be taken
at Mach 7 to 8 flight conditions

Cycle life - 100 cycles, at conditions which produce the highest
plastic strain
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2.0 TOPICAL BACKGROUND

The cooled structures being investigated and fabricated as part of this
task, together with their associated connecting structures, constitute the
basic engine structure. The cooled surfaces also, and of necessity, form the
aerodynamic engine surfaces.

2.1 GENERAL DESIGN GUIDELINES

Considerations which determine the design of the cooled structures are as
described in the following paragraphs.

The regeneratively cooled surfaces must be compatible with engine per-
formance requirements, i.e., they must be so designed as to minimize engine
performance losses. In addition to providing the basic contours, the cooled
surfaces must be fabricated and assembled in such a way as to avoid discon-
tinuities; leading edges must use the minimum radius compatible with reliable
structural design to minimize losses.

The research nature of the engine requires that temperatures and pressures
be measured throughout the engine. Consequently, the engine structure must
allow the use of static pressure taps and metal temperature thermocouples.

The total amount of fuel available to the engine and for cooling of the
structure is severely limited by X-15 storage capabilities. Consequently, the
cooling of the structure must minimize fuel usage in excess of combustion
requirements. This gives incentive to operating at the maximum metal tempera-
tures and temperature differences compatible with sound structural design.

The internal structures and plumbing of the engine must be volumetrically
efficient to permit installation of fuel system components, engine controls,
instrumentation transducers, and signal conditioning equipment. Also, for
best reliability, the electronic equipment should be installed in areas of the
engine which have the least severe environment.

To permit operation over the Mach number range from 3 to 8, it is neces-
sary that the inlet spike be translated to various positions. To conserve
coolant prior to and after engine operation, the inlet spike must be closed
off against the outer body leading edge. Consequently, it is necessary to
have an actuation system capable of the desired modulation and positioning
accuracy, with control provided by the on-board computer.

Fuel pressurization in the engine is provided by a hydrogen turbopump.
Pressure drops in the regeneratively cooled surfaces, manifolds, and associated
plumbing must be compatible with the output of the turbopump.

(cannery) AIRESEARCH MANUFACTURING DIVISION
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In addition to control of temperatures and temperature differences, the
integrity of the coolant structures requires that the flow routes within the
engine be matched in such a way as to minimize temperature differences at axial
stations for inner body and outer body surfaces. This will minimize distor-
tion of the engine internal passages. Axial temperature discontinuities, as
produced, for example, by the termination of two flow routes that differ greatly
in temperature at the same station are objectionable because of the severe
thermal strains that result.

Measurement of engine internal thrust during flight is required. Conse-
quently, external loads (drag and 1ift) that are transmitted directly to the
thrust measuring device must be minimized. Specifically, the engine cowl
has drag loads which are of the same order of magnitude as the engine thrust.
Mounting of the cowl in such a way as to minimize this external drag load,
and thus the uncertainties in calculation of thrust, is therefore required.

A basic requirement in engine design is that malfunction of the engine
not endanger safety of the aircraft or life of the pilot. Therefore, pro-
vision must be made to jettison the engine. Since hydrogen leakage to the
engine cavities must be assumed possible, the inner body engine cavity must
either be inerted or be capable of containing an explosion that results from
the mixing of hot hydrogen and air. Venting of the engine cavity to near
nozzle base pressure and provision for explosion containment is the approach
selected for this program. During ground checkout, the engine cavity is

inerted with nitrogen.

The cooled structures, inlet spike actuation system, internal supporting
structures, and plumbing constitute the major portion of the total engine
weight. Although optimization of the structures and structural components for
minimum weight is not an objective, the specified weight limitation requires
careful use of structural weight.

The instrumentation, controls, and fuel subsystems contained in the
engine cavity require servicing prior to and after each test. Consequently,
the mechanical assembly of the engine cooled structure components must provide
access to and replacement of components of the subsystems in field and within
reasonable time, as specified in the Statement of Work.

2.2 OPERATIONAL BOUNDARIES

The flight envelope and maximum operating conditions that the engine will
experience have been derived from the conditions of the Statement of Work.

2.2.1 general Design Ground Rules

The maximum dynamic pressure specified for the current phase of the programb
is 2000 psf. This compares with a specified dynamic pressure of 2500 psf that
was used during Phase I of the program. Consequently, the minimum altitude at
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Mach 8 during which cooling must be provided is 85,000 ft, compared to a
minimum altitude of 81,000 ft used during Phase I. The minimum design
altitude for the current program is 88,000 ft. The increased altitude
results in a reduction of heat flux throughout the engine which is locally
offset in part by an increase in contraction ratio of the engine from 10 to
14.6. The contraction ratio of 1|0 was used during Phase I. In summary,
the operating envelope for the engine is as follows:

Engine Structural Design - With engine either 1it or not lit,
2000g dynamic pressure.

Engine Cooling Design

Normal design, engine 1it: 1750q, 88,000 ft minimum.

Emergency design, engine lit: 2000q, 85,000 ft minimum.

For the emergency design, engine lit conditions, all of the pump output pres-
sure is available for coolant pressure drop (700 psia). Dump valve opens and
fuel injection valves close as aircraft approaches these conditions from the
normal operating line.

2.2.2 Engine Operating Cycles

A preliminary and qualitative definition of engine operating cycles is
given below. Its purpose is to provide a basis for heat transfer transient
analysis, structural evaluation of the effect of transient temperature
differences, general control requirements, establishing typical environmental
conditions, and for defining acceptable operating cycles. The types of
missions or conditions which the engine must survive are summarized in the

following cases:
Case I - Constant M, with aircraft power on, at constant, high q

Case II - Constant M, with aircraft power off, aircraft diving

Case III - Variable M, expected to involve a change in M of 0.5
during 20-sec engine operating cycle

Case IV - Subsonic-supersonic combustion transition at M = 6
Case V - Inlet unstart, with shock expelled
Figure 2.1-1 is a qualitative representation of critical cases. The most
important variations among missions occur during the combustion phase and

will be treated separately. The common features, typical for all missions,
are numbered on the figure and are as follows:
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Launch to M=3+, during which the engine structure is assumed
to go from soak at -65°F to soak at |140°F. No cooling is
required. At the end of this period, the helium purge is
performed and coolant flow started through all portions of
the cooled structure.

Approach to test M, inlet closed (leakage flow only), during
which coolant flow is increased to maintain maximum structure
temperature (cold surface) at 1140°F.

Time for retraction of inlet spike to desired position. The
solid line assumes programmed cooling flow, the dashed line,
controlled cooling flow based on temperature sensing. The
approach selected will be a function of control system response
and actuating system response. Controlled cooling is preferred.

Inlet spike in starting position, full airflow through the engine,
no combustion.

Programmed increase in cooling flow to starting combustion equiva-
lence ratio (ER). This ER will be less than the test ER. ER will
ramp to test ER (not shown).

Combustion terminated and inlet spike being extended to closed
position.

Inlet closed (leakage flow only), deceleration to M=4+, with
coolant flow decreased to maintain maximum structure temperature
at 1140°F. Helium purge.

As combustion starts, cooling ER must be controlled to accommodate
increasing heat fluxes. The following considers each of the missions:

Case I - Shown in Figure 2.1-1. Cooling ER is in excess of
combustion ER. Combustion ER will ramp at beginning and end
of test. Ramps of 5-sec duration to and from ER=I may be
assumed at beginning and end of test.

Case II - Not shown. Represents a gradual change in conditions
shown for Case I and will involve less severe transients. Not
considered a design point.

Case III - Same comments as Case II.

Case IV - Shown in Figure 2.1-1. Involves a near-step change
in gas-side engine conditions during test run.

Case V - Shown in Figure 2.1-l. The general rise in pressure
would be expected to cause a step-change type increase in heat
flux. Spike will extend and close, then retract to operating

position for second attempt at starting. At this point, either
normal operation or a second unstart is possible.

67-2161
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3.0 OVERALL APPROACH

The diverse requirements imposed on the cooled structures require
iteration of the cooled structural design with the engine aerodynamic
design; the instrumentation, control, and fuel subsystems designs; and
with the airplane interface design. Internal constraints on cooled struc-
tural design are imposed by the close coordination required in thermal
design, structural design, mechanical design, and manufacturing. It is
generally not possible to treat any one of these areas independently of the
others. During Phase I of the program, the basic design concepts for the
engine were defined and are basically feasible in terms of the constraints
imposed on the design. These concepts and the design data generated during
Phase I are being used as the starting point for design of the Phase IIA
cooled structures. Component layout drawings of acceptable mechanical
design and with acceptable manufacturing features form the initial step
in the iteration. These layout drawings have been evaluated to establish
the required thermal and structural design features. Based on these in-
puts, layout drawings are revised to incorporate the required features,
followed by substantiation of the thermal and structural performance of
the revised design.

Although the Phase I design is being used as the starting point of
Phase IIA cooled structure design, each of the components is being reviewed
with the objective of simplification in terms of mechanical design and man-
ufacturing features. The interfaces between two or more components, in
particular, will be re-evaluated. The interfaces include engine-to-airplane
mounting, outer shell-to-inner body mountirc by means of the support struts,
nozzle-to-inner shell assembly, inlet spike-to-inner body assembly, inlet
spike actuator-to-inlet spike and inner body mounting, leading edge-to-outer
shell mounting, and cowl-to-outer shell support.

The general approach to cooled structures development places heavy
emphasis on fabrication and testing of the full-scale components. A limited
number of types of cooled structural elements and models are being fabricated
and tested to evaluate the problems which are basic to the overall engine
design, or which are sufficiently localized in nature to permit use of sub-
scale evaluation. All significant manufacturing development and evaluation
is being accomplished using the full-scale components. The nature of the
required manufacturing operations for the components is such that use of
subscale components would be expected to lead to only limited information
on the adequacy of manufacturing techniques and processes.

/
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3.1 THERMAL DESIGN

The overall approach to thermal design is use of analysis based on
previous experimental verification of analysis in similar but not identical
geometries and heat transfer situations. These experimental-based analyses
will, in turn,be verified by experiments where the geometry or fluid conditions,
or both, will be like those existing for the flight engine. This approach
is a direct continuation of that used in preliminary thermal design activities
reported in References 7 through 14, and especially in References 7, 11, 12,
and 15.

The discrepancy between calculated and experimental heat flux described
in Reference 12 is large. Steps are being taken to improve the analytical
techniques so that the correlation between calculation and experimental
results can be improved. The initial results of this effort are described
in Paragraph 4.1.3.

The basic goals of all thermal analysis and design are (1) the limitation
of temperature and temperature differences to structurally acceptable values
while keeping hydrogen flow, required for cooling, equal to or less than
hydrogen flow required for fuel, and (2) at the same time maintaining hydrogen
pressure drop compatible with cooling jacket pressure containment and pump
outlet pressure capabilities. The limiting values for these parameters,
previously used during Phase I, and still belng used at present, are (1) a
maximum gas side metal temperature of 1700°F (2160°R), (2) a maximum primary
structure temperature of [200°F (1660°R), (3) a hydrogen pump outlet pressure
of 700 psia, and (4) a fuel control valve (fuel plenum) pressure of 400 psi-.

An arbitrary reduction in gas side metal temperature of 100°R to a maximum

of 1600°F (2060°R) is used to accommodate coolant control response and
aerothermodynamic fluctuations about the mean. The 300 psi cooled structures
pressure drop implied above is divided, approximately 100 psi for cooling
jacket finned passages and 200 psi for all manifolding and interconnect ing
ducting.

The design procedure involves separate calculation of aerodynamic
heating and cooling jacket performance. The aerodynamic heating conditions
are calculated (as during Phase 1) primarily by use of the computer program
H1940 (Reference 15). Special conditions, such as, shock wave-boundary layer
interaction are computed by slide rule with the method outlined in Paragraph
4.1.3. Cooling jacket fin performance is calculated (as in Phase I) by use
of computer program HI930 (Reference 16). Special conditions, such as, for
inlets, outlets, and bolted flange/manifolds require slide rule calculation
of pressure and flow distributions. Verification of aerodynamic and cooling
jacket heat transfer and pressure drop calculations will be accomplished by
separate techniques. Specifically, aerodynamic heat transfer calculations
will be and have been verified by tests of engine component models such as
the combustor and with the boiler plate engine, yet to be tested. Calculated
performance of cooled structures will be verified by full-scale component
and some subscale component testing at heat flux levels and distributions
nearly equal to those calculated for the flight engine components. The

v
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primary areas requiring verification in the cooled structures performance are
flow distribution and associated temperature distribution and its effects
on structural performance in terms of life and contour.

3.2 STRUCTURAL DESIGN

The structural design approach utilizes a combination of analytical and
experimental methods. Experimental verification of detailed parts is employed
wherever necessary, such as, short term burst, creep rupture, and thermal
fatigue tests on sandwich plate-fin elements. Generally, the structural tests
will be performed on composite structural elements, such as, the inlet spike
and the inner body assembly.

The bulk of the HRE is composed of ring-stiffened orthotropic shell
structures of variable thicknesses and contours. The ring stiffeners are
also used for coolant flow manifolding and fuel injection rings for the engine
combustor section. The structural loadings will produce axisymmetric and
asymmetric forces and moments due to static normal pressures, acceleration,
vibrational inputs, and aerodynamic flutter and buffeting effects.

Fully operational computer solutions are available to analyze axisymmetric
isotropic thin shells of variable thicknesses and contours for stresses due
to axisymmetric loads and temperature profiles. 1In addition, the isotropic
shell analysis had been extended to treat orthotropic cylindrical shells
with axisymmetric loads. Two MIT finite difference nodal circle solutions
(SABOR III and DASHER I), which have been adapted for use on the AiResearch
computer system (IBM-360/50), are available for use.

The SABOR III program is applicable for axisymmetric isotropic shells
(local departures from ideal isotropy can be treated) that may be subjected
to nonsymmetrical static forces. The SABOR III program may also be used to
obtain the stiffness and mass matrixes for direct input into the DASHER I
program to obtain dynamic response.

It would have required an extensive programming effort to modify the
SABOR III and DASHER I programs to accurately treat many of the problems
that will be encountered in the HRE. Rather than attempt this approach,
a further survey of existing shell programs was carried out, and it was
determined that an extremely applicable program had been developed under
the auspices of the Analysis Group of the Theoretical Mechanics Branch,
Structures Division of the Wright Patterson Air Force Base, Dayton, Ohio.
This program is based upon the very recent improvements in matrix shell
solutions generated by A. Kalnins (Department of Mechanics, Lehigh University) .
It solves the general axisymmetric orthotropic thin shell problem for symmetric
and nonsymmetric loads due to static as well as dynamic inputs. The program
is presently being adapted for use on the AiResearch computer system.
Although the program has been debugged, the final report describing the
useability, limitations, and methods of data input has not been completed, and
will not be released by the Wright Patterson Air Force Base for at least
twelve months. Until a program of this magnitude has been completely checked
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out by trying numerous test cases, a note of caution must be exercised re-
garding its capabilities. Another important point is the fact that the

problem inputs and the data reduction of the outputs require considerable

effort on the part of the user. The existence of the program also does not

el iminate or substantially reduce the work needed to generate a sound design;
however, it is the objective of careful analysis to discover design inadequacies
that would otherwise not be recognized.

The eventual objective of the test program is to verify the actual per-
formance capabilities of the structures as fabricated. Although it will not
be possible to analytically predict the influence of realistic fabrication
restrictions and limitations on the end product, the initial analysis will
identify the serious design problem areas. Results of the test program will
be used to assess the extent of the changes required to achieve the structural
integrity goals.

3.3 MECHANICAL DESIGN

The guidelines used in mechanical design of the cooled structures compo-
nents and assembly of the components into the engine require the use of known
materials and joining techniques. Standard fasteners and seals are used to
the greatest extent possible. Design for brazing is aimed at minimizing the
total number of braze cycles to which a given part must be subjected. In
some cases, this is done by redesigning the parts to allow use of prebrazed
subassemblies, substitution of machined or welded subassemblies, or substitu-
tion of bolted interfaces for brazed or welded interfaces. Also, as a general
rule, all welding into or close to braze joints is being avoided, although
in certain cases, such a procedure may be acceptable.

The mechanical design effort will be supported by experimental verifica-
tion in selected areas. In particular, selected configurations that present
analytical problems and raise questions as to manufacturing feasibility will
be fabricated and tested on a subscale basis. The purpose of such tests will
be to provide design data and guidance for possible design revision. Currently
planned tests, which are in support of mechanical design, rather than thermal
or structural design, include the following:

Test specimen to evaluate feasibility of bolting the nozzle
flange manifold to the inner shell through the removable nozzle cap.

Fabrication of a section of the inlet spike near the spike tip to
help resolve questions regarding the best manufacturing approach
and hence the best design for this portion of the inlet spike.

Fabrication of the spike-to-inner body seal to evaluate the
adequacy of the design solution.

Fabrication of a straight section of the bolted nozzle manifold
to verify both the manufacturing aspects and structural integrity
of the design solution.
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Fabrication and evaluation of the various mechanical seals used
in the components to verify the adequacy of the design solution.

Fabrication of flat panels using the various instrumentation and
fuel injector fittings that penetrate the regeneratively cooled
surfaces to verify manufacturing feasibility and structural
integrity of the design. Tests results will be used to select
the final configuration used in the engine.

3.4 MANUFACTURING

The manufacturing approach being used on this program has two aspects:
(1) that dealing with the approach to development of manufacturing techniques
and processes, and (2) that dealing with the specific manufacturing processes
planned for use.

3.4.1 Development Approach

The development of the manufacturing techniques and processes will rely
primarily on full-scale components. Except where isolated problems or basic
data must be obtained, the use of subscale components represents a duplication
of development effort. The compound forming of the shell-face sheets in half-
scale, for example, results in working with radii of curvature which are half
those encountered in the full-scale part. Use of lighter gauge material to
facilitate forming, on the other hand, is impractical. In addition, the size
of the full-scale tooling, the machines required to use this tooling, and the
unique problems associated with the forming of large thin wall shells cannot
be duplicated in half-scale. As a result, a half-scale compound-curved model
of the isentropic surface of the inlet spike is the only subscale component
on which fabrication development work is being done. This part is being used
to establish forming characteristics, evaluate electro-hydraulic forming
parameters, and investigate brazing problems.

3.4.2 Fabrication Approach

The most critical area of cooled structures fabrication is in the cooled
surface shell face sheets. The starting point for these shells can either
be rolled and welded cone sections or flat sheets. The rolled and welded
cones are bulge formed, then final sized, using electrohydraulic forming.
Using flat sheets as a starting point, the shells must be deep drawn in
about three stages. Final sizing of the shells occurs as for the welded
cones. Of the two approaches, the one using the seam welded cone has been
selected. The weld seam is not considered structurally objectionable and
the approach involves fewer steps than are required for deep drawing.

To ensure adequate braze fitup, forming accuracy for the shells must
be high. Specifically, it is expected that the clearance between shells
must be maintained within a tolerance of approximately #0.001 in. Given
this accuracy, the brazing of the fins between the face shape still requires
special attention. To ensure sound braze joints, pressure must be exerted
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on the shells in such a way as to provide a crushing load on the fins. The
methods available for providing this braze fixturing load include the follow-
ing, as a function of the component being brazed:

Graphite fixtures, with an external piece containing the assembly
and an internal piece using expanding segments to exert pressure.

Steel bags placed inside the shell and pressurized to a level
sufficient to deform the shell with which the bag is in contact.
Containment on the external face sheet may or may not be required
with this approach.

Evacuat ion and backfilling of the space between the two shell face
sheets, using atmospheric pressure to provide the 1oad.

Integrity of the shell joining will be experimentally evaluated and adjust-
ments in shell forming tools and brazing procedures and fixtures made to

correct problems that appear-

3.4.3 Nondestructive Testing

The critical area in fabrication of the full-scale components involves
the shells themselves, as discussed in the two previous paragraphs. For
structural integrity of the shells, only very limited areas of unbrazed
joint areas are tolerable. These joints are detectable by proof pressure
testing at sufficiently high pressure levels. Only in exceptional cases,
however, will a defect that is revealed by proof pressure test be repairable.
In general, a nondestructive test capable of revealing braze voids is pre-
ferable and offers better opportunity for subsequent repair. The two
techniques available are radiographic inspection of the entire shell surface
and the use of temperature-sensitive paint on one of the face sheets with a
heating transient imposed on the other face sheet. These methods will show
a braze void; that is, an unbonded joint. Weak joints are not discernable
as such. In general, however, the existence of a brazed joint is reasonable
assurance that adequate joint strength can be achieved. Verification of the
result of radiographic or thermal inspection of the shells will be done by
proof pressure testing.

The repair techniques available for unbonded joints in the shells would
generally be the following:

Recycling of the complete shell to a slightly higher temperature
than used during the first braze cycle. In this way, remelt and
flow of the braze alloy is obtained with the objective of filling
the void. Orientation of the shell in the brazing furnace can be
used to assist the process.

Removal of a portion of the face sheet in the unbrazed area, addition
of filler alloy and closeout using a patch, with the entire shell
recycled in the brazing furnace. The applicability of this repair
procedure will be a function of the location of the affected shell
area in the engine gas stream.

-
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4,0 ANALYTICAL DESIGN

4.1 OVERALL DESIGN REVIEW

4,1,1 Shell Design

The Phase I overall design was reviewed to define material thickness of the
Hastelloy X material used in the shell designs. The effort was limited to the
review of Phase I pressure-load design calculations. The following summary
describes the findings (Station numbers are referenced to Drawing 950007):

Spike Fore Body (Station 1.2 to Station 36)--Design calculations for
both the structural and thermal skins were based on 0.015-in, mate-
rial thickness. Combined bending and axial stresses were found to
be well within allowable limits and the critical elastic buckling
pressure is much higher than the actual pressure.

Spike Aft Body (Station 36 to Station 56)--The thickness of the outer skin
is 0.015-in., while the inner face is 0.060 in. thick. It was assumed
that only the inner skin will resist external pressure loads and the
outer skin will resist thermal loads. Since a safety factor of 1.72
(elastic buckling, ultimate) was calculated in this area, there may

be difficulties if pressures will go higher than used in the analysis.
In that event, the addition of another stiffener ring near Station 46
can be considered as an alternative to an increase of skin thickness.

Inner Body (Station 56 to Station 86.2)--The inner shell between

the struts (Station 56 to 65) carries lower pressure and temperature
loads than the area forward of the struts. Thus, the 0.015-in. outer
and 0.060-in. inner surface configuration already investigated for
these higher loads will be satisfactory here too. Between Station 653.5
and Station 71.5, both inside and outside surfaces will be 0.015-in.
thick. If the assumption of neglecting the outer (thermal) skin to
resist pressure loads is maintained, the critical buckling pressure
exceeds the actual pressure. Using both surfaces to resist pressure
loads will, however, give a safety factor of 7.1 against buckling
without considering thermal stresses. Based on the fact that the
average metal temperature of the outer surface is approximately

500°F and the inside (structural) wall is at 100°F, the assumption

of using both surfaces to resist pressure loads is justifiable. The
fin height aft of Station 71.5 is doubled; thus, the effective stiff-
ness and strength of the two walls are increased in an area where
both pressure and temperature values decrease. This fact, coupled
with the decrease of shell radius, results in increasing buckling
strength in this area.

-
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Outer Body Leading Edge (Station 36 to Station 43)--The 0.015-in.
outside (thermal) wall and the 0.060-in. inside (structural) wall of
the inside face were investigated on the assumption that only the
structural wall resists pressure loads and the combination is satis-
factory from the view of pressure loads alone. Pressure on the
outside face of the cowl is 15 psi maximum and is not critical.
Since the scheme of cooling in this area is still a subject of modi-
fications and since the stresses due to temperature distribution are
high, further detailed investigation of this critical area will be
performed.

Outer Shell (Station 43 to Station 76)--Hoop stresses in the 0.060-in.
thick inner wall are one-fourth of the ultimate tensile strength.

The 0.015-in. internal (thermal) wall will carry some tensile stresses
resulting from pressure, and these stresses will be subtracted from
the thermal stresses. This fact, which should be beneficial, was
neglected during the Phase I cowl thermal stress analysis, when

1630 cycles to failure were calculated.

Ablatively-Cooled Cowl--Pressure loads on the outside surface of the
ablatively-coated cowl will be small, and it should not govern the
determination of the metal thickness. This outside surface will
require ring stiffening to prevent supersonic panel flutter.

These results are summarized in Table 4,.1-1,

4,1.2 Fin Design

A preliminary survey of fin designs for the HRE cooling system was per-
formed. The purpose of the analysis was to (1) determine adequate fin geom-
etries for design operating conditions, and (2) estimate short-time burst and
|0-hr rupture pressures of uniform-temperature test specimens. Table 4.1-2
presents a summary of the results of this calculation, which use fin data
reported in AiResearch Phase I Report AP-66-0168-2, The table includes a tab-
ulation of the margins of safety for the various fin geometries at design tem-
perature with a 700-psi internal pressure. A safety factor of 1.5 on the short-
time yield strength or the 10-hr rupture life of Hastelloy X, whichever is less,
is used. A comments column is provided which indicates a satisfactory minimum
weight fin with the associated margin of safety.

The fin calculated stress is based on the combined loads due to an internal
pressure of 700 psi and differential radial thermal expansion of the shells.
The following equations apply:

a. Internal pressure--
O¢in = Piae (Prin = tein)/(F teig)
where Pint = internal pressure
be. = fin spacing (reciprocal of fins/in.)
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TABLE 4.1-I

SHELL DESIGN SUMMARY

Wall Thickness, F.0.S. .
. ultimate
in.
Location Quter | Inner Buckling | ¢ * Remarks
H or B
Spike Fore Body 0.015] 0.015 51.5 16.2
Sta. 1.2-36
Spike AftBody| 0.015] 0.060 1,72 4.37
Sta. 36-56
Inner Body 0.015] 0.060 2.64 -- To Sta. 65.5¢
Sta. 56-86.2
0.015] 0.015 7.1 -- Between Sta. 65.5 and 71.5
Outer Body 0.015| 0,060 -- 4,58 Inside face
Leading Edge
Sta. 36-43 0.015f 0.015 -- -— Outside face
OQuter Shell 0.015] 0.060 -~ 3.78 Inside
Sta. 43-76
-- 0.060 -- -- Outside, ablative coated
i

OH = hoop stress

Og = bending stress

|| I | -4 2l | R
10 20 30 40 50 60 70 80 90
“ta. 0-00 Hypersonic Ramjet Engine Stations A-28044
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fin thickness

-
i

fin

f

fin strength efficiency factor

b. Differential thermal expansion--

JOF t.. )

T..
fin = Pab fin

fin
where P = equivalent fin pressure required to restrain the
hotter shell

The fin efficiency factor is defined as the ratio of actual burst pressures
to burst pressures as calculated from ultimate stress properties. The apparent
reduction in strength is attributable to nonuniform load distribution across
the fins due to differences in height, misaligned fins, and stress concentra-
tions at the braze joint. This strength reduction factor is based upon per-
formance of successfully brazed heat exchangers, i.e., the failure mode at
burst is tensile rupture of the fins. Fin strength efficiency factors have
been found to range from 0.25 to 0.50 for Type 347 stainless steel fins brazed
with Nicrobraz. The median value of 0.33 was used in this calculation in lieu
of applicable test data for Hastelloy X fins at the time of this analysis.

Material allowable stresses are based on the lesser of the I0-hr stress
rupture life or the short-time yield stress divided by a safety factor of I.5.
The margin of safety of the fins is determined from

M.S. = 0O /o

all’%cale ~

allowable stress at temperature

]

where o
all

11

o calculated stress level at 700 psi
calc

The estimated pressures for short-time burst and 10-hr rupture are obtained
by equating the fin tensile stress due to internal pressure and the published
material strength. Actual pressure tests of fins will then provide an experi-
mental check on the fin strength efficiency factor used in the calculations.

4.1.3 Aerodynamic Heating Analysis

Continued use of Computer Program HI940 (Reference I15) for aerodynamic
hot-gas conditions has led to generation of Table 4.1-3 for the Mach-8, 81,000-
ft altitude conditions. The differences between these data and data previously
calculated (Reference 1) are (1) enthalpy was used rather than an approximation
to enthalpy based on specific heat, and (2) a hot-gas total temperature of
5840°R was used downstream from Station 5| instead of the 5450°R temperature
previously used in Phase I. The headings for the various columns are somewhat
modified from those previously used and are now more self-explanatory. The
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calculation procedure was not modified except as mentioned in (1) above and

in the calcuiation of the station at which transition from laminar to turbulent
Reynolds number occurs. The transition position is moved to X = 4 at a Reynolds
number of 1,000,000. The aerodynamic conditions of pressure, temperature, and
velocity are those previously used for the Mach 8, 81,000-ft altitude condition
presented in Reference 1. Although the 81,000-ft altitude is below the minimum
line in the NASA work statement, it was used during Phase I because of a require-
ment for operation with a 2500 psf dynamic pressure. The new NASA work state-
ment (Reference 2) indicates a maximum dynamic pressure of 2000 psf for engine
lit and not-1it conditions. However, this is not considered an ordinary operat-
ing condition; therefore, the normal pressure drop required for fuel injectors
need not be maintained, and thus, the cooling jacket hydrogen pressure drop
design condition is on the B-B line at an altitude of 88,000 ft with a dynamic
pressure of 1750 psf. New design condition aerodynamic data are being prepared
and will be used for subsequent aerodynamic heating analysis. A 29-percent
reduction in heat flux is expected by changing the design point altitude with a
significant easing of the fin design problems in terms of reduced fin AT as well
as reduced flow required for cooling, not only because of the overall reduced
heat fluxes, but because the hydrogen outlet temperature can be higher and can
approach the 1660°R maximum permissible temperature more closely. A factor that
will tend to increase the heat fluxes, but which is limited to the 9 or 10 in.
section immediately upstream of the strut leading edge, is the use of an inlet
contraction ratio of 14.6 instead of an inlet contraction ratio of 10 on which
the pressure, temperature, and velocity data were based and which was used in
Computer Program HI940 to obtain the results shown in Table 4.1-3.

For the design condition, approximately 300 psia AP is available from the
pump outlet to the fuel plenum. For the 2000 psf line in Figure Ak of Reference
2, the entire 700 psi will be available for the Mach 8, 85,000-ft altitude off-
design condition, since it is assumed that the fuel injectors will not be opera-
ting normally and, therefore, the fuel control valves will not require normal
pressure of up to 40O psia.

4.1.4 Cooling Jacket Design

The coolant flow routing has been revised to the configuration shown in
Figure 4.1-1 to reduce thermal stresses on the outer body leading edge and for-
ward outer shell by eliminating the large sawtooth axial temperature profile
which previously resulted from having flow routes 3, L, and 5 flowing away from
the bolted flange which attaches the leading edge to the outer shell (page
217, Reference 1). Flow routes 3, 4, and 5 have been combined into a single
flow route, which flows forward toward the leading edge along the outer
surface, aft from the leading edge along the inner surface, passes through
the bolted flange, and into the cooling jacket in the forward part of the
outer shell.

To provide acceptable strut leading-edge temperatures with a heat flux
of 1400 Btu/sec-ft? on an 80-mil-radius leading edge rather than the previously
calculated 1000 Btu/sec-ft? on a 30-mil radius leading edge, the flow to the
nozzle is routed through the strut leading edge rather than through a tube
passing through the interior of the strut. This change is discussed in detail
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in Paragraph 4.3. An additional flow routing change associated with strut
cooling is the use of coolant from flow route 6 on the aft outer shell to cool
the strut sides rather than coolant from the bolted flange/manifold on the
inner body. Also, the strut side coolant does not return to the cooling
jackets as in the Phase I design, but is routed directly to the fuel plenum.
A negligible increase in hydrogen flow results. The coolant from the strut
sides is approximately [400°R rather than 1600°R, but the strut hydrogen flow
is very small.

The above changes in flow routing are reflected in the cooling jacket
fin performance estimates included in Tables 4.1-4 and 4.1-5 for the inner body
and outer shell respectively. Tables 4.1-6 through 4.!-8 include outputs from
Computer Program HI930 for the most probable fin candidates, based on the
Mach 8, 8!,000-ft altitude conditions.

Table A-36, page 229 of Reference 1, is a summary of the fins selected
during Phase I. The number of fin sizes required has been reduced from that
indicated by Table A-36 to a total of three. The forward part of the inlet
spike will still have the [6R-.153-.143-,006 fin geometry. All other cooling jack-
ets, except the strut and a 0.5 in. section of the outer body leading edge, will
have a fin of approximately 20R-,050-.083-.006. Further detailed design and
analysis will determine the precise number, thickness, and height of these
fins with the number of fins potentially ranging from 20 to 40 fins per in.,
fin heights ranging *0.010 in. about the 0.050 in. fin height, and fin
thickness ranging downward from 0.006 in. to 0.003 in. The 0.5 in. length
adjacent to the outer body leading edge and the entire surface of the strut will
be covered by a fin approximately 20R-.020-plain-.006. Passages of 0.006 in.
height, as indicated in Table A-36 of Reference 1, for cowl and strut leading
edges have been eliminated because the small passages are both difficult to
fabricate and difficult to maintain open for flow. The cowl leading edge
passage will be 20 mils or larger by combining flow routes 3, 4, and 5, and/or
by having flow in a separate tubular passage parallel to the outer body }eading
edge. This is discussed in greater detail in Paragraph 4.4. The strut leading
edge will be cooled by hydrogen flow in a tube that is parallel to the strut
leading edge and has an inside diameter of 0.13 in. Details of the strut flow
routing and passage geometry are discussed in Paragraph 4.3.

4.1.4.1 1Inner Body

Fin candidates for the inner body, including the inner shell and nozzle,
are listed in Table 4.1-4, along with some of the more important performance
characteristics for these fins. The hydrogen flow rate to provide an outlet
temperature below 1660°R is increased from 0.28 Ib/sec used in Phase I to
0.34 Ib/sec. All of the candidates listed have an acceptable fin AT less
than 500°R and acceptable pressure drop of less than 100 psi except the
20R-,040-.060-.006, which has a pressure drop of about 125 psi. Detailed
performance for this fin is included in Table 4.1-6 because it may be needed
to provide acceptable fin AT in the forward part of the outer shell. When
the pressure drops associated with the nozzle cap, the bolted flange/
manifold at the aft edge of the strut, and the outlet manifold are added to
this 125 psi fin pressure drop, the total may be incompatible with a 700 psi
pump outlet pressure and a pressure drop of about 100 psi in the strut
leading edge passages, thus, making this fin an unacceptable candidate.
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TABLE 4,1-4

FIN CANDIDATES FOR INNER BODY

Qutlet
Hydrogen
wall Temp Temp Overall Fin Fin AT
Fin Geometry Ty, R TouT, °R AP, psi AT (N» OR
20R-,04~,060-.006 1948 1628 125 304
20R-,05-.091-.004 2019 1608 L5 398
20R-,05-,088~,006 1991 1615 58 363
20R-.05-.086-.008 1968 1622 78 335
20R-.06~-,095-.006 2028 1604 34 415
30R-,05-,073-.003 1980 1619 55 348
LOR-.05-,060-,003 1937 1630 73 299
Notes:
1. Inlet conditions: W = 0.34 Ib/sec
P = 600 psia
T = 120°R
2. oOverall and outlet conditions are for entire inner body length,
3. Mach 8 at 81,000 ft, T, max = 5840°R
X = 53,57 in, X = 87 in,

T
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Fin Geometry: 20R=,04-,080-,006
Hydrogen Flow Rate: Wy = 0,34 lb/sec
ATFIN does not exceed 400°F

KX TIN HH HHH
86.9b6b 120.000 1.61569 0.19354
85.9%06b 1¢b.138 1.41122 0.19581
Ba .90k 133.336 1.25127 0.19782
E3.984 L41.584 1al12352 Q,19978
- 2-14 (50.303 Q.933461 0.19751
Bl.95c 160.760L 0.84370 0.19754
80.%45¢ 171.439 0.82028 0.19783
T9.980b 183.310 0.76763 0.20059
76.9848 196.259 0.72608 0.20495
17.708 210.30¢4 0.68021 0.20687
Te.d9ds 2264110 0.65317 0.21288
To.950 2454359 G.02823 0.21838
74,768 269.100 0.62304 0.22923
73.488 297.602 0.03383 0.24622
T2.988 332.7128 0.63254 0.25989
71.93¢ 376.032 0.0308C 0.27337
7C.93¢c 4ol 136 0.03035 0.28226
09.94d8 G0.4 0.65827 0.29517
68.988 561.841 0.68821 0.30208
66.988 Tl2.252 0.72054 0.31901
65.988 187.409 C.73397 0.32682
b4.9088 863,292 0.74365 0.33333
63,985 939,491 0.76728 0.34544
62.968 1015.551 0.78807 0.35632
61.988 1091.229 0.80445 0.36545
60.988 1167.187 0.81480 0.37226
59.9886 1242.771 0.82120 0.377¢7
56.988 1317.818 Q.83143 0.38460
57.988 1392.182 0.84373 0.39248
56.988 1474.143 Q.86143 0.40284
55,988 1573.264 0.87615 0.41139
54.9886 1628,259 0.88574 0.41623
53.988 1628.397 0.88580 O.«lblt

Fin Geometry: 20R-,05-,088-,006
Hydrogen Flow Rate: Wy = 0,34 Tb/sec

ATy does not exceed 400 F
XX TIN HH HHA

86.988 120.000 1.26098 0.15457
85.988 126,127 1.09971 0.15638
B84.988 133,311 0.97389 0.15802
83.988 141.541 0.87364  0.15965
82.988 150.739  0.77952  0.15918
81.988 160,728  0.69767  0.15810
80.988 171.377  0.63644  0.15845
79.988 183,212 0.,59531 0.16075
76.948 196.120 0.57087 0.16633
77.988  210.117  0.55066  0.17233
16.988 i25.938  0.52477 6.17631
75,9380 245.04l 0.50776  0.18192
74.988 268.670  0.5C36l 0.19106
73.988  297.002 0.51339  0.20561
72.988 331.890 0.51145 0.21681
Tl.988 $74.833 0.50982  0.22309
7¢.988 426,044 0.90648  0.23447
69.98b «88.013  0.53216  0.24650
66.988 558.607 0.55403 0.25140
b;;%jﬂ_.~;é§.495 0.57275 0.26062
%% 988 .316 D.58389 0.26714
65.98b 1811109 €.59286° 7 0.27302
b64.900 §56.794  0.59797 0.27153
6£3.988 932,275 O.blb4o  0.28748
62,98y 1007.601 0.63335 0.29671
61.988 1082.646 0.64661  0.30444
60.988 1157.922 0.65417  0.30993
59,986 12574831 O.66264  0.31587
58.9d6 1307.300  0.67211 0.32226
57.usn 1381.115  0.68367  0.32962
56,988 1462.433 0.659616 0.33774
55,988 1560.609 0.70548  0.34397
54.980 1ol5.447 0.71201 0.34752
53,984 1615.545  0.71205 0.34 754

TABLE uu]-6
INNER BODY FIN CANDIDATES FOR M = 8 AT 81,000 FT

X = 89,5 in,

T

X = 53,6 in, X =87 in,

HG PHIN VELTFEN TWTOUT DELTWL HEATFLUX EFFFIN LFFTOT
0.01000 600.00 31.52 228, 67. 53.99921 0.08429  0.34257
0.01000 591.00 42.34 239, 61. 53,9096l 0.09047  0.34700
0.01000 584,29 47.08 251. 66. 53.81090 0.09642 0.35128
€.01000 519.05 51.72 264. 66. 53.70488  0.10225 0.35546
0.01000 574.82 57.43 211, b4, 53.58585 2.11024  0D.35120
€.01000 571.36 62.49 291, 62. 53.45898 0.11687  0.36596
0.01051 568.42 10.8D 313. 4. 55.99017 0.12329  0.37057
0.01100 565486 18.16 334. 66. 58.41225 0.12825 0.37413
0.01151 563.59 85.43 357, 68. 60.93175 0.13281 0.37740
0.01251 561.50 3T .44 388. 72. 65.86861 0.13874  0.381l66
0.01454 559,58 1l3.92 433, 81. 75.93462 0.14338  0.33499
C.01754 557.72 142.40 494. 4. 90.64293 0.l4842  0.38861
0.0205% 555.91 165.54 555, 106. 105.05240 0.15133  0.39070
0.02456 554.09 192.21 629. 121. 124.43826  0.15275  0.39172
0.02905 552.25 223.97 714. 135. 145.78702 0.15658  0.39446
0.03305 S30edb 259,93 198, 145. 164.13007 0.18066  D.33733
0.03858 5648439 282409 903, 157. 188.47232  2.16515  0.49082
0.04405 S546.33 300.19 1000. 166, 211.34705  0.16663  2.40168
0.04651 544.18 304.32 1067, 162. 220.59206 0.16842  0.40297

700 LTSN TN 2Qe 3] 1123 1513 220 18489 0,170913 g.ée04all
0.04751 539.217 286.75 1183. 145. 220.01785 0.17397  0.40695
0.04851 535,38 281.77 1247, 138, 221.5645%87  0.17721  0.209278
0.04951 533.16 217.70 1313. 131. 223.03979  0.18099  0.41199
0.05000 529.61 I 1370, 123. 222.42905 0.183593  0.41382
0.05051 525.74 258.02 1431, {17. 221.77203 0.18601  0.41560
0.05151 521.53 252463 1496. 112. 222.86775 0.18874 0.41756
0.05200 516.99 246450 1560. 106, 221.72565 0.19206 0.4199%
0.05251 512.10 Zel.42 lo25. 100. 220.57256  0.19593  0.42272
0.05300 506.85 237440 1689. 95. 219.32304 0.19936  0.42518
0.06017 501425 232434 1733, 101. 242.39846  0.20268  0.42756
0.07621 495.24 303.09 1948. 116, 296.39551 0.20585 0.42984
0.04154 488.72 160,32 1833, 63, 166.25282 0.20828 0.43158
0.00010 481.84 D4l 1629. 0. 0.41908 0,20876  0.43193

904-LAGIN2 XTRPLTD xA= 0.5348810E 02
905-LAGINZ XTRPLTD XA= 0.5348810E 02
0.00010 4T4.82 P 1629. 0. 0.41626 0.20877 0.43193

HG PHIN DeLTFN TWTOuT UELTWL HEATFLUX cHFFIN EFFTOT
0.01000 600.00 46.90 237, 67. 53.90663  0.08096 0.31072
0.01000 595.57 52.91 249. 67, 53.80531  0.08695 0.31522
0.01000 592.28 56.82 262, 66. 53.59531 0.06273  0.31955
0.01000 589.73 64,57 276, 65. 53.57840 0.09838  0.32373
0.01000 587.67 T1.37 291. 64. 53.44539  0.10508  0.32381
0.01000 585.97 T7.87 3005, 62. 53.30742 0.1125¢ N.33449
0.01051 584.54 88.13 330. b4. 55.81097 0.11875  0.33907
0.01100 583.30 97.21 353, 66. 58.200656  0.12356  0D.34267
0.01151 582.19 104.92 376. 68, 60.71208 3.12707  0.34530
0.01251 581.17 ilo.62 407. 72. 65.53507  0.13081 c.34811
0.01454 580.19 139,44 456, 3l. 75.60211 0.13570 2.35174
0.01754 579.25 i10.25 521. 94. 90.17110 0.140C4  0.35503
0.02054 578.34 i97.59 586. 105. 104.41B50  0.14277  2.35703
0.02456 517.42 2234480 664, 120, 123.57790  0.14395 D. 33796
0.02905 576.49 266.59 755. 134. 144.60979 0.14765 N.36074
0.03305 575.54 299.28 B4l 144. 162.65196  D.15152  D0.363rs
0.03858 574.55 340.70 955. 156. 186.48692  G.1561) Tainlla
0.04405 573.53 363.20 1052. 165. ¢09.23425 0.1570>  D.32773
0.04651 572.46 362.17 1120. 161, 218.14381 0.15900  N.3k3975
0.04700 571.30 348.78 11724 152, 218.10632 0.16095  0.37072
0.04751 570,01 339,67 1230, lae. 217.81377  D.le6366  0.37274

CU.0%BS1 T T B&B.5T T 33%.627 12934 137. 219.4292¢ 0.16692 ".375179
0.04951 566.98 $530.78 1354, 131. 220.19242 D.17084 3031843
0.05000 565.24 3la.62 lala. 123. 220.27438  G.17324  0.37%%3
0.05051 563.3% 307.70 1471, 116, 219.71504 0.175506 0.331867
0.05151 561.31 301.34 1535, 111. 220.85500 0.17812  0.333%9
0.05200 559,12 294%.32 1598. 106. 219.77080 0.15132  N.434597
0.05251 556.77 281.2) 1660, 100. 218.73723  0.18a%3  5.33%1p
0.05300 554.26 2719.18 1722, 95, 217.57916  0.18751 0.3}
0.06017 551.57 302.99 1828. 100. 240.98437 L9040 0.L33e90
0.07621 548.71 359.0¢ 1991. 1le. 293, 146497 0.19367 0.33525
0.04154 545.64 198.74 1852. 63. 165.441¢7 0.19630  0.33722
0.00010 542,42 3.90 1616, 0. 0.42036  0.19686  N.39765

904-LAGINS XTRPLTLD xa= 0.5343810F C?

JO05-LAGIN2 XTRPLTD XAz O.53444id= 02
0.00010 539.18 0.50 lolb. G. D.al?n3  D.l4086 T.41755
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Further detailed analysis is required to establish this point because the
flow rate may be reduced below 0.34 1b/sec when the aerodynamic heating
conditions are calculated for the Mach 8, 88,000 ft altitude case.

4.1.4,2 OQuter Shell

The fin candidates for the outer body, including the outer shell and
leading edge, are listed in Table 4.1-5. The total length of the outer body
leading edge and the forward outer shell are included together. The outer
surface of the leading edge and the outer surface of the aft outer shell
are given ficticious station numbers to allow convenient inclusion in the
computer tabulations (Tables 4.1-7 and 4.1-8) for the fins which have the
best characteristics for these flow routes. For the aerodynamic heat|ng
conditions imposed, the only fin geometry with fin AT's less than 500 R
everywhere and a pressure drop of near 100 psi is the 40R-.04-offset-.003.
The flow rate for this fin is 0.58 lb/sec compared to a flow rate of 0.66
Ib/sec for the 20R-.05-offset-.006 fin and the total flow rate of 0.53 1b/sec
for flow routes 3, 4, and 5 during Phase I.

4.1.4.3 Hydrogen Ducting

The detailed results of the preliminary hydrogen ducting analysis are
included in Table 4.,1-9 and Figure 4 l-2 In general, the following results
were obtained:

The preliminary fuel line sizes were determined for all fuel lines.
In cases where two or more parallel lines may be desirable, the
line sizes for various combinations are shown.

It was found that the outlet torus for Route 1 and the outlet
torus for Route 2 have cross sections large enough to provide

good flow distribution with one outlet each. The outlet torus for
Route 345 and 6 will require cross-section enlargement or more
than one outlet tube to have good flow distribution.

The review of the HRE fuel system pressure drops was conducted in order
to provide preliminary fuel line sizes, pinpoint areas of high pressure drops,
and check for possible flow maldistributions in manifolds. Calculations were
made prior to the decision to route the inner body coolant (flow Route 2)
through the strut leading edge and, hence, do not reflect the effects of this
change. However, the tubing connecting the aft cover to the fuel plenum is
indicated as having 170 psi pressure drop. This can be reduced to a 20 psi
pressure drop and also at the same time ensure better flow distribution in
the inner body by increasing the number of 0.491-in. dia tubes from | to 6.
These comments are relative to location E in Figure 4.1-2.

The following assumptions were used to determine the fuel line sizes:
(a) The pressure drop in each individual leg was assumed to correspond

to the Phase I pressures. The pressures in Figure 4.1-2 are from
Reference 1, Pages 75 and 76.

RING DIVISION 67-2161
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TABLE 4,1-7

AFT OUTER SHELL (INNER AND OUTER SURFACES)
FIN CANDIDATES FOR M = 8 AT 81,000 FT

X = 75.6 in,
Fin Geometiy: 20R-,04-,080-,006
Hydrogen Flow Rate: Wy =OO‘SOIb/sec X = 55.3 in. X = 79,6 in,
ATFIN does not exceed 500°F
“ s Tt -t dret s PYIN NELTEY TWTOUT NELT AL HCAT-LUX FREFTIN FETOT
., ' 1 AR Defhsbrn N.3121? n.71309 680.00 30.26 287. =D 50.53423 D.ledal M 235632
B Lol I Ta Dot FAaa? [ n.N13Nn £T79,.463 A9,47 297. h2. 50.74515 [UPRRCE A Y 0. 13604
P, . PR LR AN EPER RS 0,01330 ~n78.99 39.627 31t. 59, 50.551H6 0,14798 0.33329
LA Pl a, ot LSRR nLN1RA0 “7R, 49 29,02 3?6 RN 60435317 Do badn Y. 218957
LA e LT N2 L1 a7 Ty 114.3% 1864 AN H6.5947h [CPR T M)
T, [ (AR [APIRS R N Qe N e l7.rn 123,94 4721. A 72.7016 AP Bl R [APSEEIAN R
L . R T TTaT N1 412 0.N7149) bTé. 16 131.39 453, A3, 77.5025% 0.15277 0.39172
R ! Y, 0 2 Yo dlat? N.,01859 A~T15.72 169,06 522. IR. 95.5R8%9 D.15466 C.3330n9
(AR ! Tt N.37807 N.02170 674,17 178.25 580. 110, 110.3821N0 0.15425 0.132A0
T, A Tt i RPN t1e.07 177,072 bbub, 124, 123,.79570 S LA farap?n
T R PR e Dl el 6T1.56 FA R 735. labde 15627146 Telndnd La3no i
[ e ' Tt As AESR IR ] [HPRAR T I fmG, 9 AR 82N 1568, 179.Hpa5" RPN ne3391
The <} a2 ittt ol 1Bt DI S] N.N40 A0 a6E, L2 2T3.47 895, 166, 198.21529 0.15578 0.33388
(AT ARO, 48D Yo TH4AT N, 47477 Ned4&9l1 66,93 MNAL24 1003, 197, 235.33766 0.15459 0.39304
6,55 Yal,erl N TH50R N, 3ne N, N4451 b6, 39 315.55 1085, 193, 257.36353 C.15496 0.391330
bt IR REER R T b e RS DU YA 304,60 11an, 137, 2ET7.47A0 7 D,18R47 A, 19544
[ R e An T el 7 [IPENRIEARE [ S 113,41 1194, P7%. 242,341 Nele923 Te9ng?
£t Ta Tl et [ ) N, TN SR it T 1252, P70, 25@ti3e? DeleIo 0. 33440
&4 A17.18% GortANG? NL425G3% 5.058730 26S, 2R 2q4.78 1310. 152, 265.42749 0.16535 0.40076
6455 HET,u0] Db 3IAHEK 0,N5570 had, HE 2R N2 1363, 154, 266.57788% 0.16817 0.40279
[FRE R, un O.a5172 N, 04010 ~3Q.96 24N 62 1422, 147. 267.820G7 0.17012 N.40419
AR A T vt T (AR el Aihah rrTaL.A4 1473, Laidle 2AR,E2325 SR AR CoaNs5HN
Gl. it 1r .00t Tt YR A2 e RE LS| 1537, 135, 269.57%4649 NDe17337 0.406935%
6l < 1. 2 Meing 1 it ARIAED) A2 20h0 261473 15913, 175, 272.107%62 C.17659° [P E ]
FO, 60y 1240,€630 N1.97510 RICRCR ) N.0ka 0 h15.A2 757.5R 1659, 123, 270.43994 0.17057 0.41097
Ahgfun 1311.244% n,499097 Na&BGRre 7.0659" 60R.52 252466 1719. 11R, 270.75%66 n.18221 N.41287
57.u24 13R1,4% L.NN4u6? Ge5061 N.nAaz»?2 ANC. 64 297.53 1860. 136. 326.80729 0.1847% Q.41469
RE. T Paesoonn .71 7 LI AP y- 7. N8 1ENLED NG, 196, 395.R641b C.18771D T.4lARt
ACa-LASINg XTR TN YAz ", 55028708 092
905 -1 ATIND XxTROL TR XAz O,5503IRIQE DD
904-L A3IN2 XTRPLTH  Xxa= (0,5509479F 02
905-L A3 IN2 XTRO{ TN XA= 0.5509879F Q2
55,0049 P65 ,530 1.740565 f.5 k%A D.14115 SR2.67 437,47 2?2513, 188, 505.120% n.19082 0 .419058

Fin Geometry: 20R=-,05-.088-,006
Hydrogen Flgw Rate: Wy =0,521b/sec
AT > 500°F fron X = 55.6 in.

FIN
XX TN HH HHE 5 PHIN DELTFN TWTOUT DELTWL HEATFLUX FFETATY
R 127,00 Nenn?l T2 WA ARSAD I I I 92 C. 00 115,64 297, a3, R Do la
e 1A 05 TanE T N PERED RPSVAR I I TG, T2 174,95 Ili. Sl 82,5598 Yornln?
ER IR 152,40 L a2t ant D013 AR 1N5,15 326, 59, S0.3714H4 AR
A, Eiy 154,327 Ve 5979 AR IRE ] N.0paan 675.09 104.78 239, 58, 50.19516 N354T
TC.nG 194,448 Tet712” Ny 2EH005 N.21332 678,73 136,22 404, T8. 66.32602 N, 35434
TEL SN2 HI2 Tt N,26320 0.01399 678,32 145432 419, A0, T2.45507 ANEE TR
[ oA Loty IR NeMi4 ) 477,85 154,36 471, R TTe 0 e '
[N ' aag B IFR Tell3n AT7.23 133.71 Chu, R P T
[ i L3074 BRIERATN e e IS B A HT6. IS 5. T9 RALT 11Qs 109, =3797 R
Tho ot TR, 2463 U.H 2749 N,28969 N.132560 676,08 ?31.81 611, 124, 123.1072% J. 00
T 119,793 Neh4s12 n,20778 0.n3141 67%.32 271,24 T66. led. 155.23451 TN
P thIe B0 TR D.A0AR 0.N3651 674,44 IN1.91 854, 159. 178.6151n LT
. oo 130 e MY AR 0. 749450 AT2.47 121469 nr3. 17, i3G.400.1
T ‘ ol AR D N.N4911 CTL. 22 352,47 1 4h, TRR, 3, a0l et .
o R Tt AR N.N545]1 ATC. R4 371,07, 1124, 195, BT Talael ) [
e e N Ve Th4) D360} 0.055%0 669.25 358,92 1164, 184, 255.647¢1 T.lea?? PR
S TER ] D.ARTHD N.36771 0.N5%6 30 667.46 3157.50 1223, 150, 260.69579 Nerale Nt
R Tla.els Y. 70047 N.35530 . 0.,05799 862448 | 35]1.94 1278, 172, 262.71411 AR TR e dn s
' . Tosanvl RPIA RARS faARRT N.NSEID 563.29 34b.71 1212, 1A8, P54 150" Yl S a R
4 N 1. 715RD V346077 0,05973N 660, 90 343,01 1389, 19N, 265,400 AR Sl G A
“ . - i 31 J.7371A AP Rk 0.060499 658,30 333.95 1240, 151, 2066,73770 N h Tt '
[ 1P T.033 ). 75987 9.369732 0.06190 655,48 324445 1492, lés. ?68.04102 DL.ls97
Flastos 1irRG, HY L 7.787%15 N.40137 0.06290 652.43 Il6.16 1545, L3R, 269.061%2 NelaNas
AL BRG], k8T N, 792492 N.40914 0.06390 649.12 310445 1602. 2693,33203 Dais272
. [ IR Yoo e E2N RN B Rl D. 06430 645,58 AB. 44 144D, Jains? P
B [ERATINL N4 TaxbIng T k20N D653 hel. 79 331.05 1718, AN et T
‘. . 1T, T Ded2nhe Mot zn2 N.0A2722 537,173 _.354,68 1665, Lot
AP N3 187 0.RA23H D.4359R 0.10383 633,35 417.67 2038, 1hl. 396&.h1541 oL RRR
904-LASIN2 XFR2LTN SAFH Tt N2
905~ ASIN? XTRALTN  XA= D,RRH3FRTAr 22
GC4-L ASTINDT T2 0 7™ XA R R A }
YOS-LASINT XTRo( T wAS L AT
e Yo k02 Ne ™" A6F Mot Traw Neialla 628,58 516,27 2778, 153, 901050414 D TEe ERRE
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Fin Geometry:

TABLE 4,1-8

LEADING EDGE (INNER AND OUTER SURFACES) AND FORWARD OUTER SHELL
FIN CANDIDATES FOR M = 8 AT 81,000 FT

Hydrogen Flgw Rate:
AT > 500°F from X = 49,6 in, to X = 52.6 in.

20R-,04-,080-,006

Wy =0.60 1b/sec

FIN
sy LN i Vi 3

v 120,650 0.50771 NL.15348 0 0.02980
T 1a6.8%1  0,T8RG7 9, 34442  0.N2980
[ P70.008 IFRELS R Ne364652 0,03185
va, Vi anth RV Y,3 00 A,0ENAN
¢, 1 iRl A B RN nLNSN4AL
- ; e VY PR RPN EFGEER ]
41. EREL TN DL R2A4 N.33578 0.05100
i 124,201 3,R331n n,165097 0.N5485
4, T 8TH DEELTAL N,35508 0.09042
N AT JuR A2 RPEE A N.1nant
. e Yoot Je dHaLn BPRE R
s N S U R A AN EPER KRN
alen “le, 149 DT s Nae&3NaN N.12361
w2, R7,RTR 1).99509 NeaaiINT N.13103
“ 713,289 11164 Ne658C9 Q.14931
i RO IR PR AT Do 741 V. 15A%9
S0 1A Ton ORI el N, 1=27)
LR A P1353a 208 To103 s [N B A RO A
£3.601 125R, 42N i.1151n N, E el N.l4689
LTS 1375.5046 1.13542 N,85AL5 Te 140072

Fin Geometry: 20R-,05-,088-,006

Hydrogen Flgw Rate: Wy =0.66 Ib/sec

ATF > GOOF from X = 49.6 in, to X = 54.6 in,

A'F:: -~ 600°F from X = 49,6 in, to X = 52,6 in,

) X¥ TIM trH HAH [

% 35.601 120.000  N.6R343  0.3070h  0.02981
36.601 143.302  N,67530  0.30065  0.02990
3704001 tah. L34 D.,61743 N.31624 N.0313%

' REREIID] 199,361 V., 72714 N8R0 7 N.0eaNn
19,411 220.%79 DB AN P ALEN PRI
400571 247,000 N, hnbh! D2 Tedl Forn N
41.671 219,783 N.KAR53h N.28549 0.051N092
62 .01 3N7.936 N.71N46 N.29R833 n,N5485

’ 43,601 237,926 DeT2N44 N,.3N667 NeN30&2
leb o 0 104,404 LT3 1A Ne1la3? N, 10an]

‘ ah.r ] 439.17] Ne 74375 N3t Thn APRRETN
[T 499,785 v, 79993 EPETERS N.11961
47.601 564,743 N.B2242 0.36729 0.172361

| #8.501 hlba.421 0.84160 N.,38126 0.13103

| 49,401 712.888 N.35516 N.3344° D.169A81

LanLanl 34 1t (. AA6R]L L DR V. 15A59
LN B | BEENE 48] VLR I4END N NL,18275
AMPREA L1737, 3594 iYeG2Hh29 ettt N 14870
S,.hN] l1a6.627 Ne94230 Q.46163 04144680
BacAT] 12533.8R3 0.95034 Qa4 7282 0.14002

Fin Geometry: A40R-,04-,060-,003

Hydrogen Flow Rate: Wy =0.581b/sec

ATFIN does not exceed S00°F

XX TIN HH HHH HE
35.A01 127.009 N.715620 N.36662 0.N2980
1h.AN] 146.779 0.76020 N,26712 0.02980
17,601 172.8%13 a.7T78M n,39390 0.Nn3185
TALAN] 20N, 253 D.87503 N.365313 0.NSNNN
A5 AN 2l4.h7Y 2.81717 N.15789 N.N5341
Ly hn 267.599 N,825689 NeIE T4k N.N5371N
41,601 301,651 0. P6K24G N.38764 n.05110
42,6010 331,859 0.RRL52 0.39923 0.056485
63,601 36R.455 7.A9553 N.41136 2.N9042
XN | 423,684 N3 14690 N.42738 N.1naent
RPN | 4RA, N33 N.9A341 Noahhan 0.11361
GE NN HH4G.F748 1.7N794 N.4R100 2.11941
47,AC1 ~37.194 1.N3654 N.50171 9.12361
QR HN] 718.729 1.n4761 N.%516139 0. 13113
49,60] 809.013 1.76216 0.53520 0.149A1
fN.ANL aA2A kLN 1.1N8N12 NeSHTLO N, 154593
510401 17%54,961 1.1%R17 N.HG7A N, 15771
82 601 1194,662 lelb632 N 61RAR 0.14970
SR, 601 1319,.745 1.18307 N.63931 0.14680
LETRIEAR 1431.3461 1.20365 N.66159 N.14002

=
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yhIN
6A0.00
67T8.77
677,29
~TH. 35
673,00
670,30
66T.47
664,40
661,07
£57.31
653,05
L6ep.22
642.78
616,67
679,83
6272.0%
A12.25
nN A, 3R
5972.40
5AM, 32

FHIN
&80, 00
TG, 24
678,32
7. 14
6T, 12
ATL.OR
672,29
670,57
666,60
L6 €. 40
A, G2
fhlelt
65K.03
654,57
65C.72
bbt. 26
ral, 40
14,01
63C.02
627,47

PHIN
4R C. 00
678.81
677,31
AT .3AN
672,88
669,93
666.77
$63,33
659,58
655,15
AR 0,80
ha b, 9R
638,76
631.77
623,93
£14.95
AO4. 69
561,07
580,08
565,69

NELTEN
145.85
147.35
154,10
2LR.655
227.98
241,70
219.56
228.56
14R .41
384,77
394,480
13l.74
IN3. 79
620,41
526.67
R
23,01
40,37
470,04
423,58

CELTEN
167.09
168.17
176.87
Pue.T?
26 R, 9%
78,24
756,71
263.77
400.12
440, RR
452.83
458.58
454435
486,98
£09,.38
LR
n1T.TR
LRl ,N2
552,11
515.24

DFLTFN
14n.84
138.59
143,02
203,83
2n4,23
211.18
191.55
199.49
3Nk, 42
333,65
340,135
139.55
33R8.18
164, R9
457.85
473.Q"
447,09
423,20
400.13
367.83

TRINUT
418,
439,

_ 4l4.
630,
663.
710.
T0h.
T49.
998,

1109.

1IR3,

1259,

1315.

1438,

1699.

1R84,

1925,

19568,

2036.

2085,

TRYCUT
438,
456,
491,
53,
634,
T34,
T26.
768,

1029.

1139,

1224,

1280.

1335,

1653,

1725.

1”46,

1973,

1967,

2020.

2059.

TWTUT
Ll4.
431,
465.
A1R,
543,
685.
683,
728.
964,

1070,

1169,

1215,

128S5.

14n7.

1657,

1RNG,

LA66 .

1938,

2011.

2N68.

C: | x = 42,8 in. ’

X = 39.2 in

DELTWL HEATFLUX
139. 112.84715
133, 112.23999
136, 118,81535
1947, L7R, 15421
taa, 178.52002
149, |R7.29558
174, 177.93539
178, 189.26064
263, 293,66138
280. 330.83””7
245, 357,10437
279, 372.65593
270, 384.36157
281, 422.73593
335, 542.78149
3R, 59815301
197, 584,434 7
2713, 570,33282
246. 554.17285
218. 524,904C5

DELTWL HEATELUX
139, 112.26944%
133, 111.72041
136, 118.27756
198, 177.61299
140, 177.43825
191, 155.006176
176, 176.80215
131, 188,249313
267. 290.84888
26, 32T7.65117
292, 352.34579
298, 3H9.1201%6
231, 3R81.RA/133
292, 420.78s42
I51. 5389.90332
157, 593,283R7
31224 581.74302
213, 570.55518
257, 555.487720
237, 528.,55384

NELTWL
139.
1313,
136,
197.
1RH,
149,
173,
177.
263,
28N,
284,
277,
269.
278,
331,
333,
297,
267,
240.
’11.

HFATFECLIX
112.98273
112.66454
119.10222
179,34478
179.8117]
198.53305
179.04512
190.45374
294.74780
314,053
TP ST
37A.TRI0A
18R.03149
426.86210
549.03101
HI5 RINLG
K90 449979
574,389
557.H44013
527.2221

X =55.3 in.

2 SerTar
0.11994 C.3h816
N.12404 N.3A7110
0.12563 0.27225
Na17397 D.27106
G.13052 N,27515
0.13%435 N.2T452
0.13364 0.37300
0.13501 0.37R91
N.13725 0.370459
Na16207 0.28251
N.16a"Th D.24311
Dolalda 0. 33 18<
N.l4413 0.38553
0.14728 0.38779
0.15151 0.39083
Vel S6an N,396 2
NG 1EN3S N Aqlla
RERELY- 1) 3.40029
N.17004 N.40413
N.17461 N.40T41

ECsFIN FEFTOT
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(b) The flow rates upstream of the fuel plenum are from Reference I.

The flow rates downstream of the fuel plenum are new values.

(c) The pressure drops for specific component (i.e., shutoff valve,

spike, etc.) are from Reference 1, Pages 74 to 76.

(d) The loss coefficients for the fuel lines were calculated by assign-

ing the following head loss coefficient values:

1.0 (expansion)

= 0.5 (contraction)
1.0 (90-deg turn)

= 0.5 (friction loss)

A X X X

The total head loss coefficient for each fuel line was the summation
of the individual component losses.

(e) The fuel temperatures were assumed to be (I) 100°R upstream of

finned surfaces, and (2) 1600°R downstream of finned surfaces.

(f) The flow areas, AF’ were calculated using assumptions a through e.
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4.2 NOZZLE

4.2.1 Applied Structural Loads

The nozzle structure is flange bolted to the inner shell as described
in Paragraph 4.2.3. The nozzle cap is connected to the nozzle by a screwed

flange connection which is safety locked after assembly.

The external normal static pressure forces applied to the nozzle are
relatively small, even at the bolted flange ring, and the pressure diminishes
very rapidly in the expansion portion of the nozzle. The nozzle skin is sized
to contain 30 psi internal pressure.

The bolted flangeconnection from the nozzle to the inner shell also
provides for coolant manifolding and crossover ports from the nozzle to the
inner shell. These flange rings have been analyzed for critical stresses due
to coolant containment. In particular, the joint connections to the skins are
being carefully designed, since such local areas are usually the most difficult
structural and detailed design problems. This work is discussed in detail in
Paragraph 4.2.3.

The screwed flange connection between the nozzle cap and the nozzle has
also been thoroughly investigated. The principle stresses in this portion
of the engine are due to joint connections required for satisfactory pressure
containment strength and for a seal-tight joint. This is discussed in detail
in Paragraph 4.2.2.

The dual mainfold rings at the connection between the nozzle and the
inner shell behave as a single structural member. An instrumentation and control
package will be located inside the nozzle, and will be mounted directly to the
dual rings. The cg of this package was taken to be 10 in. aft of the bolted
connection, and its weight was estimated to be 50 1b for this analysis. A

second package of equipment will be mounted at the aft end of the nozzle. The
weight of this package was not known at the time of this analysis, but it is
certain that the weight will not exceed |0 Ib and that a 5 1b upper limit is
entirely reasonable. The loads due to this equipment will be reacted by shear

flow into the nozzle skin, and by very small membrane stresses in the nozzle
longitudinal direction at the bolted flange.

The dual ring structure also reacts part of the loads from the internal
equipment, such as, the actuator nitrogen storage tank and the actuator itself.
Loads applied to the spike will also be transmitted into the combined inner
shell-strut-outer shell structure. The structure is extremely redundant, and
the preliminary analysis showed that approximately 50 percent of the loads
went into the inner shell rings, while the remaining 50 percent was picked up
by the outer shell rings. Due to uncertainty in these load fractions and
further uncertainty in the load magnitudes, both sets of rings (inner shell
set and outer shell set) were each sized to carry 75 percent of the applied
loads from the internal structure. The weight of these internal parts plus
the spike was estimated to be 150 Ib for this analysis. Loads due to non-
symmetric pressure loads arising from a |0 deg angle of attack at the spike
were considered in this particular analysis.

MANUFACTURING DIVISION 67-2161
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4.2.2 Nozzle Cap

4.2.2.1 Structural Design

The nozzle cap was analyzed for the following conditions:
Normal operating condition
Pressure = 700 psia

Temperature = outside surface metal ranging from
400°R to 900°R, as indicated by thermal analysis

Proof pressure condition
Pressure = 1050 psi
Temperature = ambient

The proof pressure condition proved critical and formed the basis for the
detail design.

The skin and tube structure is fabricated from Hastelloy X, with the
following room temperature mechanical properties:

Ultimate stress = |14,000 psi
Yield stress = 65,000 psi

The allowable stress was taken as the lesser, or 85 percent of the yield
stress, or 2/3 of the ultimate stress.

S llowable = 0-85 (65,000) = 55,100 psi

A brief description of two nozzle cap designs that were considered is
given below.

a. The initial design proposed was such that the force required to
react the pressure thrust on the cap and to seat the main seal,
be applied through the center of the cap. This would be done by
structurally connecting the cap center to the inner shell through
a bolt-tie bar arrangement.

b. The second design utilized a threaded flange connection between the
end of the nozzle cap and the inner shell. The pressure thrust and
the gasket seating load would be reacted through the total periphery
of the inner shell (ref Drawing L-980604).

H MANUFACTURING DIVISION '41
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Transmission of the reacting lcads through the center of the cap (design
a above) resulted in a high axiai concentrated load in the cap and in the
connecting bolt and tie bar, causing excessive stresses in the skin. In
addition, the accumulated axial deflection in the skin and tie bar would have
exceeded, by a considerable amount, the compression on the main "K" seal
(0.012 in.). The amount of skin reinforcing and additional tie bar metal
cross-section required to reduce the stresses and deflections to acceptable
levels would have resulted in higher temperatures and temperature gradients
in the skin, as well as considerably increased component weight.

The second design (b), which carries the thrust load in the total periphery
of the skin, proved to be far better. The center bolt and tie bar become
essentially nonstructrual, and the size is governed purely by design considera-
tions (i.e., flow passage required, locking device required, etc.). This, in
turn, reduced the size of the hole required in the end of the cap (a I/4=in.
bolt can be used rather than the 5/8-in. bolt, which would have been required
in design a), which results in less reinforcing at the center of the cap.

There is no tendency for the pressure thrust to open up the seal because the
load path is short and stiff.

The sealing load required for the main "K" seal is approximately 2300 Ib.
The inner shell ring mating with the seal was stiffened in order to resist
this load. The maximum pressure (circumferential) stress in the 0.070-in.
wall of the skin is 41,200 psi, which is well within the allowable. The
threaded end of the cap was reinforced slightly, in order to accommodate the
additional local bending stesses. The maximum axial stress (membrane plus
bending) in the threaded end is 38,600 psi. The shear stress in the threads
is less than 15,000 psi; again, well within the allowable.

4.2.2.2 Thermal Design

The design objectives were to evolve a cooling method that would (1)
maintain nozzle cap exterior surfaces below 1000°R, (2) keep temperature differ-
ence between metal surfaces below 400°R, though localized values higher than
400°R can be tolerated, and (3) maintain a low coolant pressure drop, preferably
under 10 psi. Aerodynamic heating parameters used in the analysis corresponded
to the design flight condition of Mach 8, 81,000 ft altitude, and were obtained
from Table 4.1-3, sheet 2. The hot gas convective heat transfer coefficient
in the nozzle cap vicinity is 0.0] Btu/sec-ft?-°R and the adiabatic wall
temperature is 5300°R. A hydrogen flow of 0.34 lb/sec at 120°R and 600 psia
is available to cool the nozzle cap surfaces. With these conditions, the
pressure drop for the cap passages is 10 psi. This coolant subsequently cools
the inner body surfaces.

A cross-section of the nozzle cap is shown in Figure 4.2-1. A coolant
flow rate of 0.34 Ib/sec is fed to the cap through a 5/8-in. iD tube. Eight
oval holes (total area = 0.070 sq in.) near the end of the tube allow most of
the coolant to flow directly into a channel formed by the cap hemispherical
surface and a 0.025-in. thick baffle placed nominally 0.10 in. from the cap
surface. The remainder of the coolant in the tube is fed through six 0.050-in.
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dia holes drilled through the solid end section of the tube. This coolant
impinges on the inner surface of the nozzle cap tip, adjacent to the bolt, and
provides forced convection coolant in the gap between tube and inner cap sur-
face that would otherwise be filled with near stagnant coolant. Coolant leaves
the nozzle cap through sixty holes of /8 in. dia adjacent to the threaded flange
section and enters the rectangular offset fins in the aft inner body flow route.

Metal temperatures and coolant temperature and pressure are indicated in
Figure 4.2-1. The maximum metal temperature (IIGOOR) occurs on the surface of
the bolt exposed to the hot gas and the maximum metal temperature difference
(700°R) occurs at the thick section of the threaded flange. A similarly high
metal temperature difference of 620°R occurs at the thick wall section adjacent
to the bolt. Although these temperature differences exceed the objective of
400°R, they are localized values. Generally, nozzle cap temperature differences
are much less than 400°R, as indicated for the 0.070-in. thick metal section
midway between the bolt and thread flange. The bolt temperature of 1160°R is
not critical. The 1000°R temperature was arbitrarily established to provide
ample assurance against overheating and maintain moderate metal temperature
di fferences between nozzle cap and adjacent finned cooling jackets.

4.2.3 Bolted Flange/Manifold

4.2.3.1 Structural Design

Preliminary analysis of the nozzle-to-inner shell bolted joint was
initiated during this reporting period. A cross-section of this joint (at
about Station 65) is shown in Figure 4.2-2. One of the high stress regions
for this joint area is the coolant ring-to-sandwich shell intersection, shown
schematically in Figure 4.2-2a. Loads at this joint arise due to:

Differential thermal expansion

Internal coolant pressure

External (and possibly enternal) gas pressure
Inertia effects

The analysis conducted to date (but not completed) indicates that the ring
design discussed below will sustain the applied loads but that the mating
shell is highly stressed. The loads arising due to the requirement that ring
and shell move together (continuity) affect the shell more than the ring by
introducing discontinuity bending stresses in the shell.

Additional analysis is being conducted to determine stresses in the ring
itself due to the internal pressure of the coolant (1050 psi proof pressure).
Figure 4.2-3 shows the nozzle ring cross-section which appears to be adequate
for internal pressure loads. Preliminary analysis of the quarter torus geometry,
treated as a two-dimensional problem, gives a maximum bending moment of 126 lb-
in. at the sandwich-to-quarter sphere joint. The bending stress at the corner
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Figure 4,2-2, Nozzle-to-Inner Shell Detachable Joint
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for a ring of 0.100-in. thickness, will be 78,000 psi. A design value of

50 percent of this value was used, since a generous fillet will be used

at the corper. (The bending moment decreases rapidly away from the corner. )
A pressure test of this joint will be conducted to determine the adequacy of
the design based on the dimensions shown in Figure 4.2-3.

The following is an outline of the calculations performed to estimate the
ring material sizes required to contain internal fluid pressures up to a (030
psi proof pressure.

a. Results of Calculation - B
Maximum Bending Moments:
A o
MB = MA =0.12 q
A-28043

Assume the following for sizing KE, BC, AC:

(1) Fillets at A, B, and C allow use of 50 percent of the
maximum bending moment

(2) stiffness of AC is 2 times either AB or BC to ensure
validity of calculated results

(3) Design for g = 1050 psi proof pressure,
GAll ~ 40,000 psi

(4) Two-dimensional results are valid

(5) Fins and hot sheet of heat exchanger to be ineffective (for
strength, but not for bending stiffness)

b. Thickness Calculations -
Are from A to B:
-1
z t?
M = 0.06 g=0.06(1050) = 63 lb-in./in.

" _ [6M 1/2 _|6(63 /2
REQ ~ \oALL ~ 140,000

t 0.097 in.

REQ
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Segment BC:

Use
t = 0.080 for ring
nozzle side
t = 0.015 for back sheet
t = 0.040 for ring
on inner shell side
t = 0.060 for back sheet
Segment CA:
3 _3
1 -2 210 5167 x 10
|2
3. 1/3 _
tREQ —[IZ (0.167 x 10 )] = 0.142 in.
Consider
0.080 back piece
Use

0.075 ring segment

c. Shear and Bending Moment Results -

The shear and bending moment results are shown in Figure 4.2-4.

Figure 4,2-5 shows the structure assumed for this analysis. The require-
ment that the slope and deflection of the structure be zero (fixed end condi-
tions) at C leads to a matrix in Vx’ Vy’ and M shown below.

Matrix to determine loads at C:

o) ) ) )
) () 6
) ) e w)

q = internal pressure, psi

=
—
0

)
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Figure 4,2-4, Shear and Bending Moment Results
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For

I, =8.33 x 10°% in.*/in. (t = 0.10 in.)
I, = 14.5 x 1075 in.%/in.

Vx = =0.41 g

V. = 0.4]

y q

M = 0.027 q

4.2.3.2 Thermal Design

Results of a heat transfer and pressure drop analysis are presented for
the bolted flange/manifold at axial Station 68.91 (Mach 8 geometry) on the
HRE inner body. The objectives were (1) to size the coolant holes between
halves of the flange/manifold so that a 10 psi pressure drop would occur, and
(2) to determine whether metal surface temperatures are acceptable at the
flange/manifold interface where no cooling fins are present. A sketch of the
bolted flange/manifold is shown in Figure 4.2-6 with the results. Coolant
in the nozzle flow route (0.34 1b/sec) is at 630°R and 535 psia in the 20R-.050
offset-.006 fins just prior to the flange/manifold. The aerodynamic hot gas
heat transfer coefficient and adiabatic wall temperature are 0.046 Btu/
sec-ft2-°R and 5808°R, respectively, at Station 68.91, and correspond to the
design flight condition of Mach 8 at 81,000 ft altitude.

Results of hole sizing and pressure drop are presented in Figure 4.2-6.
Three hole size combinations were used in the analysis and were selected
because they are compatible with fabrication. The second combination of hole
sizes were selected for design because (1) these holes gave a pressure drop
(8.85 psi) within the maximum allowable (10 psi) and (2) the two sets of 115
holes at 1/8 in. dia each gave a larger pressure drop than the common holes
between manifolds (9 holes at 3/8 in. dia each), which is needed for good flow
distribution in the fins.

Results of a heat transfer analysis indicate a flange/manifold interface
surface temperature of 1260°R. Metal surface temperatures of adjacent fin
cooled panels are 1170°R. Therefore, interface overheating or large temperature
differentials with adjacent sections should not occur.
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L,3 INNER BODY - OUTER SHELL SUPPORT STRUT

4L,3.1 Aerodynamic Heating

The aerodynamic heating conditions used for strut design correspond to
the Mach 8, 81,000-ft altitude design point flight condition. The aerodynamic
heating parameters for this flight condition were determined from Phase |
aerodynamic hot gas conditions (Reference 1), except the hot gas total temper-
ature was increased from 5400°R to 584OCR in the vicinity of the strut,

Aerodynamic heating data for the strut sides, from Computer Program H1940,
is presented in Table 4,3-1, The average heat transfer coefficient over the
strut sides from Table 4,3-1 is 0,093 Btu/sec-ft2-OR, However, an average
coefficient of 0,085 Btu/sec-ft2-OR was used in the Phase |1, Concept | design
analysis prior to availability of the results presented in Table L.3-1, This
difference in average hot-gas coefficient and localized high values of hot-gas
coefficient near leading edges accounts for the difference in strut sides flow
rate between the Phase |I, Concept | (0.094 1b/sec) and Concept Il (0.165 1b/sec)
design discussed in Paragraph 4.3.3.

Re=-examination of the strut leading edge heating at the critical conditions
of Mach 8, 81,000-ft altitude, has resulted in the calculation of leading edge
stagnation heat flux approximately twice that of the Phase | calculations
(2000 Btu/sec-ft? instead of 1000 Btu/sec-ft2). The Mach 6, 68,000-ft altitude
subsonic and supersonic combustion conditions will have heat flux of 1400
Btu/sec-ft? or less. The strut leading edge radius was later increased from
30 mils to 80 mils to reduce the heat flux at Mach 8, 81,000-ft altitude
conditions to about 1400 Btu/sec-ft2,

Significant factors accounting for the deviating results are (1) the
somewhat different free-stream properties (the total temperature and pres-
sure are slightly higher for the recent data), (2) the techniques to eval-
uate the gas properties behind the normal (bow) shock (the previous calcu-
lation considers the gas as air, while the gas properties for the recent
analysis consider the water vapor in the mixture), (3) the difference in
the analytical equations used, and (4) evaluated wall at total pressure
downstream of shock. The previous calculation used Reshotko-Cohen, Reference
3, while the recent calculation used Fay-Riddell, Reference 4. The axi-
symmetric stagnation solution was completed first, then the result was
modified for two-dimensional effects. The resulting heat fluxes due to
these methods could vary as much as 25 to 30 percent. Since Reference 4
solves the differential equations exactly at the stagnation point and is
widely accepted, this method is preferred where critical heating exists.
The final results and the input data for these two computations are pre-
sented in Table 4.3-2. These data are for equilibrium flow with a Lewis
number of 1.0. When the Lewis number is 1.4, and considering only the
I/2 Hy + 0, = Hy0 reaction, the total flux increases by 3 percent.

In addition to these two methods, other equations often used for the stag-
nation are from Lees, Reference 5, and Krieth, Reference 6., 1in order to compare
the various available stagnation heating equations, heat flux and film
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coefficients were computed with a set of consistent data, The results,
together with the input data and the various equations, are also shown in
Table 4.3-2. All calculations were made by assuming equilibrium flow, with a

Lewis number of 1.0,

The chemical constituents behind the shock are as follows:

H20 >~ 0,25 mole fraction

N, = 0.61 mole fraction

NO == 0.012 mole fraction
0 = 0,006 mole fraction
0, = 0.013 mole fraction
OH = 0.03 mole fraction

H2 > 0.05 mole fraction

H == 0.02 mole fraction

Although the quantities of all these species are known, in order to simplify
the solution without introducing significant error, the viscosity of air was
used while the specific heat values were weight averages of the nitrogen gas

and water vapor.

The following symbols and subscripts apply to Table 4.3-2 and the equations
given below.

Symbols
D = leading edge diameter, ft
H = enthalpy, Btu/lb
h = fil coefficient, Btu/sec-ft?-OF
k = conductivity, Btu/sec-ft-°F
L = Lewis number, D p Cp/k
M.W. = molecular weight
Nu = Nusselt No. = EEE
P = pressure, psia
Pr = Prandtl No. = EEIE—
Re = Reynolds No. = ELiflz
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r = leading edge radius, ft

T = temperature, oR
U = velocity, ft/sec
Y = specific heat ratio
m = viscosity, lb/ft-sec
P = density, 1b/ft?
Subscripts
© = free-stream condition before shock (see sketch in Table 4.3-2)
f = properties evaluated at the arithmetic average temperature

between the hot gas and the wall

T = total (otherwise static)
w = wall
2 = aft of the bow shock (see sketch in Table 4.3-2)
Equations
1
u
% = 1.14 ke ( Bz Ef ) Prfo'h (TTZ - Tw) (Reference 6)

(Reference 3)

w — T )
Hw Re r T2 W
w
0.664 g )
% = ——— 2/3 B }J-ZT DZT (HT HW) (Reference 5)
/2 PrW
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0.1 0.4
2. BB o)) bW VB - Hw][H (1052 (R

A J[E Pr 2T
w

(Reference k)

4.3.2 Loads Analysis

The loads considered in the structural analysis of the strut body and
strut mounting are as follows:

Internal pressure

Operating condition: 700 psia at operating temperature

Proof pressure condition: 1050 psia at ambient temperature
External pressure forces occurring at a flight mode of Mach 8 with
a dynamic pressure of q_ = 2500 psf and an aircraft 30 degree angle

of attack, spike fully extended (see Figure 4,3-1),

A 20-g inertia load acting in any direction with the mass centers
as indicated below for the inner body,

e PN

18,8 —=

( SPIKE AND ACTUATOR) 200 10.6 M ( STATIONARY INNER BODY)
A-28041

LB LB
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71.75 IN,
54,9 |IN.
33.2 IN,

e 20 IN. ——————=§

Lo 18 1900 LB LLo LB

o .

/ \
q = 5050 PSF
q = 2500 PSF 1350 LB 1350 LB 3150 LB
M, = 8

A-27897

Figure L4.3-1. External Force Distributions and Flow Temperatures
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The strut body and mounting were checked for the following loading
combinations:

a, The inertia and the external pressure load acting simultaneously in
the vertical direction,

b. The inertia load acting in the horizontal direction with the
external pressure load acting simultaneously in the vertical
direction,

Condition b proved to be the critical condition and formed the basis for the
detail design,

Spike-actuator loads were assumed to be reached at the four struts which
support the actuator, while the stationary inner body loads were reacted by
all six struts. Moment loads were reacted by axial shears in the struts at
approximately the inner body radius, with lateral forces being reacted by
radial loads in the struts.

L,3.3 Strut Cooling Design

The purpose of cooling design and analyses for the strut was to determine
the simplest hydrogen coolant flow routing and passage geometry required to
(1) maintain all aerodynamically heated surfaces temperature below 2060°R,

(2) maintain structural temperature differences between strut and adjacent
inner body and outer shell below 3007R, (3) provide a coolant pressure drop
less than 100 psi, and (4) keep fin temperature differences generally below
LOoO"R (higher localized fin temperature differences are acceptable).

The latest strut design (Phase |l, Concept |l) is shown in Dwg L-980608
and schematically in Figure 4,3-2, This design was developed from two previous
designs: (1) the Phase | strut design, and (2) a design considered at the
start of Phase |l (Concept |). Coolant for strut sides is taken from the aft
outer shell (flow Route 6) at the structural support torus, which is located
at axial Station 69 in the Mach 8 geometry, and delivered to the aft of each
of the six struts. The flow to the strut sides is distributed to 20R-,020-
plain-,003 rectangular fins that are oriented parallel to the engine axis,
Coolant flow paths on the sides are not identical with respect to the strut
inner body because of space limitations (see Dwg L-980608). The trailing
edge is cooled with coolant flowing through 0.020-in. deep grooves milled into
the 3/8-In. radius semi-cylindrical trailing edge. The trailing edge coolant
subsequently provides coolant for one strut side, Coolant leaves the strut
sides at about one inch aft of the leading edge and is routed directly to the
inner body fuel plenum. The strut leading edges are cooled separately from the
sides with 100°R coolant flowing through a 0,13 in, dia circular passage adja-
cent to the 0,015 in, thick leading edge wall, Coolant from the six strut
leading edges is collected and delivered to the aft inner body at the nozzle
cap (flow Route 2), The leading edge radius has been increased to 0.08 in.
from 0,03 in. shown in the two previous designs. An increased leading edge
radius reduces the hot gas stagnation point heat flux, provides more coolant
passage free flow area and reduced coolant pressure drop., Neither coolant
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from the strut sides nor adjacent inner body or outer shell flow routes can
be used to cool the strut leading edge because the coupled effects of high
temperature and low pressure of these coolant sources is insufficient to
guarantee an acceptable leading edge maximum temperature and coolant pressure

drop.

A1l surfaces of the strut design described above can be maintained below
2060°R. A maximum of 1930°R on the strut sides and 1370°R at the leading edge
stagnation line have been calculated. Structural temperature differences are
less than 300 R except at the leading edge where localized differences of up
to 1000°R will occur because the 100°R leading edge passage coolant is in close
proximity with 1200°R coolant in adjacent strut sides, inner body and outer
shell (Figure 4.3-3). Fin temperature differences on the strut sides can be
kept at about 400°R or less except in the fins adjacent to the leading edge
passage where a difference of 560°R will occur, The wall temperature difference
of the leading edge tip is estimated at 600°R,

The coolant required for the sides of the six struts is 0,165 lb/sec with
L4709R, 665 psia inlet conditions and 1200°R, 550 psia outlet conditions and a
coolant pressure drop of 115 psi., A coolant rate of 0.0567 1b/sec is supplied
to each of the six strut leading edges with 100°R, 700 psia inlet and 120°R,
600 psia outlet conditions. A total coolant rate of 0.34 lb/sec for all six
struts is more than the minimum rate required to keep the leading edge tip
temperature at 2060°R, An excess of coolant is used because 0,34 1b/sec is
required to adequately cool the inner body (flow Route 2) and at the same time
provide ample assurance against leading edge overheating due to uncertainties
in hot gas heat flux,

The Mach 8, 81,000-ft altitude design point flight condition (which the
Phase ||, Concept || design presented herein is based on) has been superseded
by a new design point at Mach 8, 88,000 ft altitude. Although the aerodynamic
heating parameters for this new design point have not been determined, it is
estimated that the hot gas heat fluxes on the strut sides will be about 20
percent lower than at the Mach 8, 81,000-ft altitude condition, Strut coolant
consumption, maximum metal temperatures, and fin temperature differences should
decrease accordingly and will be determined when the new aerodynamic heating
data is made available,

L.3.3.1 Phase | Design

The strut design presented in Fiqure 4,3-2 (Phase ||, Concept Il) is an
outgrowth of two previous strut designs, also presented in Figure 4.3-2 (Phase 1)
and Phase |1, Concept |), The Phase | strut design was cooled with hydrogen
from the aft inner body flow route at the bolted flange/manifold adjacent to
the strut trailing edge (Station 69, Mach 8 geometry). The coolant was distrib-
uted to 20R-.020-,006 plain rectangular fins oriented parallel to the engine
axis, Hydrogen cooling strut side surfaces also cooled teading and trailing
edge surfaces. Coolant leaving the strut through a tube aft of the leading
edge was redistributed to the inner body flow route at Station 60.
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Grag = 1620 BTU/SEC FT
= 1.2 (1350 BTU/SEC FT2)

HYDROGEN HEAT
TRANSFER COEFFICIENT

NOTE: ALL HEAT FLUX VALUES 1370°R IS 2.5 BTU/SEC FT2 OR
EQUAL 1.2 TIMES AND CORRESPONDS TO
CALCULATED VALUES, == 0.0567 LB/SEC PER

//,/"'—_-_- LEAD ING EDGE
PASSAGE. FREE FLOW

AREA EQUALS 0.0133 [N2.

800 |
900
1000 o
1100 250°R
i
MOO]500
1600 360
1700 %00
1800
1900 - =
{ & & 0.015
| © o |
675°R
1115°R
A-27900
Figure 4,3-3, Leading Edge Temperature |sotherms,
Phase 1|, Concept Il Design
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The disadvantages of the Phase | design are threefold. First, the 0,005
in. coolant passage clearance at the leading edge cannot be fabricated easily.
The difficulty lies in maintaining this small clearance free from blockage.
Second, the incident heat flux at the leading edge tip has been recently re-
calculated at 2180 Btu/sec—fti (Reference 7) for the 0.03 in, radius or about
twice the 1080 Btu/sec-ft? reported during Phase |. At a leading edge tip
heat flux of 1080 Btu/sec-ft? coolant flow through the 0,005 in, clearance was
sufficient to maintain leading edge tip temperature at 20600R, However, for a
tip flux of 2180 Btu/sec-ft?, the coolant flow rate (0.036 1b/sec for each of
six leading edges) is not high enough, and coolant temperature of about 1150°R
not low enough to maintain the tip temperature at 20600R or less.,

The third disadvantage of the Phase | strut design is redistribution
of strut flow into cooled surface panels in the inner body flow route at
about Station 60, Coolant was to leave the strut through a tube oriented per-
pendicular to the engine axis just aft of each strut leading edge. Holes in
these tubes allow strut coolant to flow into 20R-.050-,10(0)-.006 fins in the
inner body flow route,

The manufacturing difficulties of this redistribution technique are con-
siderable and most applicable for a brazed-in-place strut, Adoption of mech-
anically attached strut designs in Phase Il, in addition to basic manufacturing
difficulties, has caused this strut flow discharge technique to be discarded.

The major advantage of the Phase | strut design {retained in the chosen
Phase |I, Concept || design) was that it provided a low structural temperature
difference between the strut and adjacent inner body and outer shell, Strut
coolant flowed parallel to the engine axis and in the same direction as the
adjacent inner body and outer shell flow routes, i.e,, from aft to forward.,
Thus, the structural temperature difference between strut and inner body was
approximately 100°R and slightly over 2000R between strut and outer shell
(Reference | ).

L.3.3.,2 Phase Il, Concept | Design

The Phase 11, Concept | design (Figure 4,3-4) is considerably different
from Phase | in the following ways: (1) 20R-,020-,006 plain rectangular fins
were oriented radially with respect to engine axis, and heater bars placed
along the strut sides formed a multipass flow circuit (two, four, and six
passes per strut side were investigated), (2) the leading edges were cooled
separately from the sides with 1000R hydrogen, and (3) hydrogen coolant leaving
the strut sides just aft of the leading edges were routed directly to the inner
body fuel plenum, Coolant for strut sides enters the aft end of the strut from
a mechanical joint torus at Station 69 on the inner body. Grooves (1/8 by 1/4
in,) milled into the strut structure, parallel to engine axis, and beneath the
heated surfaces on the inner body and outer shell formed manifolds between
coolant passes,

A two-pass flow circuit was considered because this gave the largest
coolant flow width and allowed the entire inner body coolant flow to cool the
struts, even though this coolant rate is more than required to cool the strut
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sides., Coolant leaving the forward end of the struts on the inner body side

is routed back to Station 69 to cool the remainder of the inner body from
Station 69 to 56. This cooling concept eliminates the difficulty in achieving

a correct flow split between the strut and inner body by eliminating the
parallel flow circuit used in the Phase | design. However, this concept has a
disadvantage which overshadows its simplicity., Structural temperature differ=-
ences between strut and adjacent inner body and outer shell exceed 300°R over
most of the strut length and is locally 725°R just aft of the leading edge
(excluding the effect of 100°R hydrogen in the leading edge passage). The
manifold between passes and adjacent to the outer shell has a length almost
equal to the length of the strut. The coolant in this manifold is approximately
600°R (nearly equal to structure temperature) while the outer shell structure
temperature increases from 700°R at strut trailing edge to 1325°R at the leading
edge. Increasing the number of passes to four increases the coolant pressure
drop by over tenfold (half the flow width, double the flow length, plus four
additional 90° turns) for the same flow rate, and does not substantially
decrease temperature differences,

In order to decrease structural temperature differences, the strut coolant
rate was decreased to one-third of the aft inner body coolant and the number
of passes was increased to six, The coolant was split at the bolted flange/
manifold on the inner body at Station 69, as in the Phase | design. In this
concept, the simplicity of a series flow circuit between strut and inner body
was eliminated in favor of a parallel circuit so that the six-pass radial flow
would give structural temperature differences similar to one-pass axial flow,
Structure temperatures of strut and adjacent inner body and outer shell for
this concept are shown in Figure 4.3-4, Results indicate that the maximum
temperature difference is 315°R and occurs between strut and outer body approxi-
mately 6 in, aft of the leading edge.

Coolant leaving the strut in this design (Phase 1l, Concept |) was routed
directly into the inner body fuel plenum rather than back into the inner body
flow route at Station 60, Using one-third of the inner body flow, the strut
coolant pressure drop for six-pass radial flow is approximately 85 psi, while
the coolant pressure drop in the inner body route is parallel with the strut
(stations 69 to 60) is 9 psi (at 0.23 Ib/sec). To recombine these flows, the
inner body flow route must have orifices with 76 psi (85-9 psi) pressure drop.
However, to eliminate the need for orificing and to eliminate fabrication
difficulties resulting from a flow recombination circuit, the strut flow is
routed to the fuel plenum, |If this flow routing were selected, the total inner
body flow rate must be increased slightly above 0.34 lb/sec to provide adequate
cooling from Stations 60 to 56 on the inner body in place of recombined strut
flow.

Strut leading edges in both Phase || designs are cooled separately from
the strut sides with 100°R hydrogen. Several leading edge cooling confiqu-
rations proposed and considered are presented in Figure 4,3-5, Two of these
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configurations were analyzed in detail. The first analyzed configuration,
shown in Figure 4.3-6, has the largest coolant free-flow area (0.0055 sq in.)
with a constant metal thickness of 0.015 in. A two-dimensional steady-state
heat transfer analysis was performed on this configurating using Computer
Program H2530. The coolant heat transfer coefficient of 3.70 Btu/sec-ft2-°R
corresponds to a coolant rate of 0.03 lb/sec per strut leading edge at 100°R.
Temperatures indicated in Figure 4.3-6 are results of this computer analysis.
The tip temperature is acceptable (2010°R), but the metal cross-sectional tem-
perature difference is 1025°R.

The second configuration, which was similarly analyzed using Computer
Program H2530, is shown in Figure 4.3-7. The free-flow area of the configura-
tion (0.0037 sq in.) was reduced to thicken metal cross-sections on the sides
of the passage. Increased metal cross-section thickness provides more strength
for pressure containment and thermal stresses, and gives higher side metal
temperatures for lower temperature differences between leading edge tip and
ad%acent finned passages. The coolant heat transfer coefficient of 3.7 Btu/sec-
ft4-OR corresponds to a coolant rate of 0,02 1b/sec per strut leading edge at
100°R, Figure 4,3-7 indicates maximum metal temperature and maximum metal
cross-sectional temperature difference at the tip are almost identical to the
first configuration (Figure 4,3-6). Metal temperatures on the sides of the
passage are about 300°R higher than the first configuration,

Hydrogen at 100°R was selected to cool the strut leading edges because
it provides greatest assurance of an acceptable leading edge temperature and
it is available from the turbopump at 100°R and 700 psia. The pressure drop
required to pump 100°R coolant at 0,02 1b/sec through one leading edge (Fig-
ure 4,3-7) is estimated at 75 psi, exclusive of manifolding, The inlet and
outlet velocity heads are 55 and 85 psi, respectively, so the pressure drop
could be as high as 215 psi (one velocity head loss at inlet and outlet) if no
provisions for smooth transition to and from the leading edge passage are made,
If smooth transitions are fabricated, the inlet and outlet pressure losses can
be minimized. However, smooth transitions cannot guarantee a pressure drop
less than 100 psia. The leading edge flow (0.12 1b/sec total for six struts)
is subsequently used to cool surfaces of the inner body and is connected in a
parallel circuit with the remainder of the inner body coolant (0.23 1b/sec).
The remainder of the inner body coolant is orificed by 100 psi to match leading
edge pressure drop and routed through the interior of the strut before con-
nection with strut leading edge outlet flow,

Hydrogen from the strut sides, the adjacent inner body, or the adjacent
outer shell cooling jackets, which are at a higher temperature and lower pres-
sure (approximately 300 psia, 500°R) than supplied from the turbopump, cannot
be used to cool strut leading edges because the decreased coolant density would
cause the flow to choke (Mach no. equals unity) at the leading edge passage
outlet, Choking at passage outlet limits the flow to a coolant rate that is
less than required to adequately cool the leading edges,
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In spite of several improvements made in the Phase 11, Concept | design
over the Phase | design, the Phase Il, Concept | design is not completely
satisfactory. To obtain a leading-edge coolant pressure drop of 100 psi,
smooth converging and diverging transition pieces must be fabricated at each
end of leading edge passages, respectively, Transition pieces are expensive
and difficult to fabricate because an EDM process with close tolerances must
be used., The outlet coolant Mach number in leading edge passages is about
0.5 with smooth transitions, If the free-flow area is reduced by as much as
30 percent,due to unexpected blockage or flow contraction, the flow will choke
at outlet. |If choking occurs, leading edge flow rate will decrease below the
required 0,02 1b/sec per strut because leading edge flow is in a parallel cir-
cuit with the remainder of the inner body flow (fixed pressure drop). A
decrease in leading edge coolant rate below 0,02 1b/sec cannot be tolerated
because results of thermal analysis with 0.02 1b/sec in Figure 4,3-7 indicate
a leading-edge tip temperature of 1983°R, or within 80CR of the maximum allow-
able temperature. Another disadvantage of the Phase |1, Concept | design are
the 1/4 by 1/8 in, manifolds on the sides of the struts. These manifolds
reduce the structural strength of the struts. Thus, the thermal coolant dis-
tribution and structural characteristics of the Phase |1, Concept | design are
marginal,

L.,3.3.3 Phase 11, Concept Il Design

The Phase 11, Concept Il design (Figure 4,3-2 and Dwg L-980608) has
the following features that are different and/or similar to the two previous
designs:

a. The leading edge radius is increased from 0.03 to 0.08 in. in
two previous designs; the coolant passage is separate from side
coolant passages as in Phase 11, Concept | design but is circular
with a 0,13-in. dia.

b.  20R-.020-.006 plain rectangular fins on strut sides are oriented
parallel to engine axis, as in Phase | design (see discussion in
Paragraph 4,3.3.1 for advantages of this concept).

C. Strut sides coolant is tapped off the aft outer shell flow route
rather than the aft inner body flow route used in the two previous
designs.

d. Coolant leaving the strut sides is routed directly to the inner body
fuel plenum,as in the Phase |1, Concept | design,

Figure 4,3-8 indicates the advantages of an increased leading edge radius,
As radius increases, leading edge temperature and coolant pressure drop decrease
substantially for similar coolant inlet conditions. Hot-gas heat flux at the
leading edge decreases as the inverse square root of the radius increases,
Also, as radius increases, the hot gas-to-coolant surface area ratio decreases
for constant wall thickness., For example, for a 0,03-in. outside radius and a
0.015-in, thick wall, the hot gas-to-coolant area ratio is 0.030/0.015 or 2,
while for a 0.08-in. outside radius and a 0.015-in. thick wall, the ratio is
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0.080/0.065 or 1.23. Coolant pressure drop decreases because the required
mass flux is smaller and hydraulic radius is larger, Although the curves in
Figure 4.3-8 correspond to an oval passage similar to Phase 1|, Concept |
design, a circular passage of 0.13-in. dia was selected because it is much
simpler to fabricate, Metal temperature isotherms in the circular leading
edge section are shown in Figure 4,3-3, The leading edge tip temperature is
about 600°R, or about 400CR less than in the Phase |l, Concept | design.

In the Phase 1|, Concept Il design, a structural support torus was placed
on the outer shell adjacent to the trailing edge of the struts. Coolant for
strut sides was taken from this torus because (1) coolant in this torus re-
lieves transient thermal differentials between the torus and adjacent finned
passages, (2) strut inlet manifolding is more accessible on the outer shell
than on the inner body, (3) the geometry of the spike actuator mounting pad
can be simplified, and (4) the outer shell flow route has a relatively small
pressure drop, therefore, more coolant pressure drop can be allotted to the
strut sides.

L,3,4 Structural Analysis

4.,3,4,1 Leading Edge

The strut leading edge design was analyzed for pressure containment of
700 psi at operating metal temperatures, and for thermal stresses due to the
large temperature variations that will occur. The initial design (Phase 11,
Concept 1), which was to have used a 0,030-in, leading edge outside radius,
showed critical stresses for both containment and thermal fatigue. The con-
tainment problem could have been improved by reducing the unsupported flat
portion in the leading edge to a more reasonable value. However, plastic
thermal strains due to the extreme temperature variations were estimated, and
a cycle life expectancy of 100 full operating engine uses could not be achieved.

A second design (Phase |1, Concept |1) was adopted that will use a leading
edge radius of 0,080 in, The containment stresses for this design are about
3500 psi, which is clearly acceptable, even for an operating maximum metal
temperature of 1600°F, Preliminary estimates of temperatures indicate that the
temperature profiles are greatly improved, Based upon a very cursory computa=
tion of cycle life, there appears to be no serious problem, A more compre-
hensive analysis will be conducted to properly assess the design margins, al-
though the new strut leading edge should not be a source of difficulties,

4.3,4,2 Strut Body

The critical strut loading is as indicated below:
Y- 2\
| L1

# | 1480 LBS

T A-20040
5500 LBS

FwD
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The critical bolt flange loads occur at the aft end of the strut where the
design temperature was taken as 300°F. The allowable stress for the Hastelloy X
strut was taken as 85 percent of the yield stress,

Sallowable = 0.85 (58,000) = 49,500 psi

The critically loaded bolt has a tensile load of 1470 1b and a shear load of
820 1b, which is well within the allowable for a 1/4 in, dia Inco 718 bolt.
The maximum flange stress is equal to 42,100 psi,

The maximum tensile stress in the main body of the strut is 13,700 psi,
while the maximum shear stress equals 4500 psi, Again, these are well within
the allowable stresses at the operating temperatures.

4,3.4,3 Strut Mounting

The struts are integrally bolted to sockets which are brazed to the inner
and outer shells. The bolts form adequate ''shear ties'' and it was considered
that the sockets and strut resist bending as an integral member, Maximum
stress in this section was previously noted in Paragraph 4,3.4.2, The sockets
will have local ribbing where they junction with the rings in order to maintain
structural continuity.

The high internal pressure in the structural rings (half circles, approxi-
mately two inches in diameter) necessitated a 0.060-in. reinforcing sheet adja-
cent to the shell in conjunction with a radial tie, which reduces the unsupported
length along the shell to somewhat less than one inch. The maximum local stress
in the reinforced ring (due to the proof pressure) was equal to 44,200 psi.

The ring material is Hastelloy X with an allowable stress of 55,100 psi at
room temperature,

The maximum radial load in the structural ring is equal to 4230 1bs, which
results in a maximum moment (at the socket ring junction) of 7080 in.-lbs. This
analysis takes into account the relief provided by the distortion in the shell.
Shell shear and bending stresses proved to be negligible, The allowable stress
in the ring is equal to 49,000 psi (T == 2259F), Since the ring is cut away at
the socket-ring junction, a 0,125-in, reinforcing plate is required on the
curved part of the ring., This results in a section modulus of 0.154 cu in,
and a maximum bending stress of 46,000 psi.
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4,4 ~OUTER BODY LEADING EDGE

4,4,1 Cooling Analysis

The purpose of the outer body leading edge thermal analysis was to find
a leading edge configuration that is acceptable for temperatures, stress, and
fabrication at the Mach 8, 81,000-ft design point. Some of the candidate
designs and flow routings are shown in Figures 4.4~1, 4.,4-2, and 4.4-3, These
three design concepts (shown in Figure 4.4-1) have the entire forward flow of
hydrogen (0.53 1b/sec) perpendicular to the leading edge, as shown in Figure 4.4-2,
Concept 2, Concept | in Figure 4.4-1, has an additional flow of 0.008 Ib/sec
in each of two or four segments parallel to the leading edge. All of the
leading edge configurations are about 7 in. long forward of the mechanical
joint and have hydrogen coolant passages both on the interior and exterior
surfaces. The mechanical joint allows for manifolding of various flow rates
and temperatures, as shown in the four concepts in Figures 4.4-2 and 4,4-3,
The flow routing concept and the temperature implications of each will be dis-
cussed prior to a discussion of the details of the small area adjacent to the
leading edge stagnation line shown in Figure 4.4-1,

0f the four flow routes shown in Figures 4,4-2 and 4,4-3, the most satis-
factory in all respects appears, at present, to be Concept 2. With Concept 2,
the flow enters along the outside surface of the mechanically-attached section
at I100°R, reaches a temperature of about 200°R at the leading edge, and about
550°R at the mechanical joint as it flows aft toward the outlet manifold. The
flow length is about 7 in. from inlet to leading edge, about 7 in. from lead-
ing edge to mechanical joint, and about Il in. from mechanical joint to outlet
for a total length of 25 in, The flow length fram inlet to leading edge was
later reduced from 7 in. to 4 in. Concept 2 is beneficial because it has
relatively simple flow routing and manifolding, as well as a moderate 500°R
temperature difference between the inner and outer structural shell at the
mechanical joint. Calculations reported in Tables 8-29 and 8-30 of Reference
| indicate that Concept 2 was rejected at the time Reference | was prepared,
because of fin AT greater than 500°R or AP greater than 100 psi. However,
thermal stress now appears less with a fin AT up to about 580°R than with the
axial sawtooth temperature profile (Figure A-80 of Reference 1) associated
with Concept |,

The flow routing for Concept | has 100°R hydrogen inlet at the mechanical
joint and 1300°R outlet at the leading edge, combined with 1600°R outlet about
Il in. aft of the mechanical joint. The possibility of reducing the fin AT

for Concept 2 below the 580°R indicated in Table A-30 of Reference | is small
because the boilerplate combustor heat transfer test data show that heat flux
greater than the values used in preparing Reference | may occur. Concept | is

also undesirable because of the relatively awkward manifolding.

Concept 3 is undesirable because there is a difference of 1200°R between
the hydrogen inlet manifold on the inner surface and the hydrogen outlet mani-
fold for the leading edge lip at the mechanical joint. Another disadvantage
of Concepts | and 3 is the need for an extra.hydrogen outlet manifold in the
crowded region at the mechanical joint, although the ducting for this manifold
is not shown in Drawing 950009,
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Concept 4 in Figure 4.4-3 is like Concept 2 on Drawing L-980600 and has
been rejected because it has a large sawtooth temperature gradient around the
mechanical joint. With the forward cow! flow of 0.53 lb/sec divided among
four circumferential segments, structure temperatures will range from 100°R to
500°R forward of the joint, compared to the I00°R uniform temperature around
the circumference aft of the joint. The sawtooth temperature profile from
I00°R to S00°R will exist regardless of the number of segments. The four seg-
ments indicated with two inlets and two outlets is the minimum number accept-
able for a pressure drop limit of 100 psi at an inlet pressure of 600 psia.

The following discussion describes the fin heights suitable for the cowl
forward and aft of the mechanical joint. Table A-36 in Reference | summarizes
fin geometry for Flow Concept I|. It will be difficult to fabricate and maintain
open for flow the short fin heights indicated for Flow Routes 3 and 4, especially
within 0.5 in. of the leading edge on both the inner and outer surfaces. The
short fins for Flow Routes 3 and 4 in Table A-36 were required because of the
low flow rates quoted in Table A-43 of Reference |. Concepts I, 3, 4, 7, 8, and
10 in Drawing L-980600 were predicated on the fin heights in Table A-36 of
Reference 7. Such short fin heights are not required for Flow Concept 2.

Since Flow Concept 2 of Figure 4.4-2 appears most attractive at present, the
fins for the cowl can have a geometry with about 20 rectangular offset fins per
inch of 0.050-in. height, 0.006-in. thickness, and 0.087-in, offset length.

Lower fin AT will result for the same pressure drop if more than 20 fins per
inch with less than 0.006-in. thickness are used. The detailed choice of fins
for the cowl and all other regions of the engine will depend on additional heat

transfer, stress, and fabrication analyses.

A fin of 0.020-in. height is shown in the region up to about 0.5 in. aft of
the leading edge in Concept 3 of Figure 4.4-1 (Concept 6 in Drawing L-980600),
because this configuration will permit the closest approach of the coolant jet
to the back of the leading edge bend with an acceptable clearance for fabrica-
tion. The use of a step in fin height for Concept 3 in Figure 4.4-1 is to stay
within the 100-psi pressure drop limitation.

Each of the concepts in Figure 4.4-1 has beneficial features not available
in the others, The Concept | configuration has no need for a small clearance
at the 180-deg bend where the flow is first tcward the leading edge and then
away from the leading edge in the finned passages, because the leading edge
heat flux is handled by the flow parallel to the leading edge in the separate
passage, The flow rate in each segment of the leading edge passage for Concept
| is 0.008 Ib/sec, and a minimum of two 180-deg segments are required with a
single common inlet and outiet. If a single inlet and outlet are to be used,
then the total flow rate will be 0,016 1b/sec, and maximum wall temperature at
the 100°R hydrogen inlet location will be 1070°R with a 300°R wall AT, and at
the 600°R hydrogen outlet temperature location, the maximum stagnation line
wall temperature will be [400°R with a wall AT of 200°R. Adjacent to the joint
between the leading edge passage and the rest of the cowl flow rate, the wall
temperature will be between the local hydrogen temperature in the leading edge
passage and the approximately 200°R temperature of the hydrogen flowing around
the 180-deg turn in the finned passages. The leading edge passage pressure

drop will be 100 psi if only two 180-deg segments are used. If more segments
are used, the pressure drop will be lower but the flow rate in each segment
@“;‘9 AIRESEARCH MANUFACTURING DIVISION 67-2l6l
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cannot be less than 0.008 lb/sec unless higher stagnation line temperatures
than quoted above are acceptable. It may be practical to have the inlet to
the leading edge passage directly connected to the finned passages on the

outside surface of the cowl; the pressure at the 180-deg turn will be nearly
equal to the nominal 600-psia fin passage inlet pressure. A separate outlet
tube from the leading edge passage will be required.

If a copper leading edge is used, a length of 0.3 in. from the inner
surface of the hydrogen flow channel to the stagnation point will have a cir-
cumferentially uniform maximum temperature of about 990°F at the stagnation
line and about 630°F at the hydrogen passage surface. Concept 2 in Figure 4,4-1
has some similarities to Concept 9 in Drawing L-980600, except there are no
hydrogen passages in the copper tip, and flow is perpendicular rather than
parallel to the leading edge, A hydrogen heat transfer coefficient of 1,26 Btu/
sec-ft%-°R can be obtained in a 20-mil clearance at a temperature of 200°R for
a pressure drop of less than 2 psi. The pressure drop and the heat transfer
coefficient quoted were increased for the effect of the passage radius of
curvature, Twenty-mil diameter wires or ribs, spaced at intervals as required
by fabrication processes, will probably be beneficial to assure maintenance of
the 20-mil clearance, Although not shown in Figure 4,4-1, the presence of a
Hastelloy X covering on the copper leading edge, with a thickness of 0.010 in.
and a design point AT of about [00°F, is assumed. No AT was estimated or
assumed for the metallurgical bond between the Hastelloy X covering and the
copper. Clearly, this metallurgical bond must be maintained or the Hastelloy
X covering will have an equilibrium temperature well above the presently cal-
culated maximum temperature of 1090°F (copper maximum of 990°F + skin AT of
I00°F). If a 0.2-in. copper length is used, the maximum temperature will be
reduced from 1090°F to 1030°F, and the hydrogen passage surface will be at
635°F,

4,4,2 Manifolds

Quter body leading edge manifold preliminary design work was done to
obtain a configuration with acceptable flow distribution. It was determined
that an acceptable flow distribution could be realized without the use of
inserts. Acceptable flow distribution was obtained by sizing of the inlet and
outlet tubes and manifolds, as shown in Figure 4,4-4,

Two tube and manifold configurations (Case | and Case 2) were designed.
The inlet and outlet manifold geometries were the same for both cases, but the
inlet and outlet tube ID's were different. The two configurations are shown
in Figure 4,4-4, The decision as to which case to use will depend on
flight hardware dimensional limitations. The case with the larger tubes is
preferred for flow distribution. A performance comparison for the two designs
and a uniform flow case is presented in Table 4,4-1,

T 67-2161
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FOR CASE 1 (LARSER TUBES) A
A, = 0.328 IN“ (ID = 0,646)

A, = 0.196 IN2 (ID = 0.500)

FOR CASE 2 (SMALLER TUBES)
A, = 0.1385 IN2 (iD = 0.420)
A, 0.0706 IN2 (ID = 0.30)

EXIT TUBES (12 REQD)

EXIT MANIFOLD
(A = 0.293 IN?)

ABLATIVE MTL.

INLET EXIT
TUB ING TUBING

INLET TUBES (4 REQD)

INLET MANIFOLD
(A = 0.1954 |IN2)

20R-.050-.087(0)-.006 —=
2CR-.C5C-.(87(0)-.006

INBOARD LEG
OUTBOARD LEG

A-27905
Figure 4.4-4. Outer Body Leading Edge Manifolds
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TABLE 4,4~

MANIFOLD DESIGN CASES PERFORMANCE

Hydrogen [w ] Hydrogen and Structural AP
Flow max Wall Temperature at overall
Case Rate Waln Mechanical Joint, °R (psia)
(1b/sec) tocal Max i mum Minimum
Uniform 0.53 .00 457 457 Greater than
Flow Case | or
Case 2
Case | 0.53 1.02 464 450 16,88
(Larger
Tubes)
Case 2 0.53 1.06 478 448 18.87
(Smaller
Tubes)

The hydrogen flow rate is not increased due to nonuniform flow (as is
usually required), because the wall temperature is far below the structural
limit of 1600°R and the circumferential temperature variation is not more than
30°R. The ratio of the local maximum to minimum flow rates is a function of
the geometry of the shortest and longest paths that the hydrogen follows. The
ratio is determined by defining the individual path resistance and resulting
flow rates for a given overall pressure drop. The circumferential temperature
variation is noted in Table 4.4-1 as the difference between the maximum and
minimum hydrogen and structural wall temperatures. The wall temperatures are
based on a constant circumferential heat flux and, therefore, are a direct
function of flow rate. The overall AP is the average of the AP's from the
exit or the inlet tube to the entrance of the exit tube for the local maximum
and minimum flow rates for each case.

4.4.3 Structural Analysis

The outer body leading edge was analyzed for containment of hydrogen
operating pressure of 700 psia at operating temperature. The proof pressure
condition of 1050 psia at ambient temperature is not a severe problem. The
combined effects of temperature distributions (as determined from the heat
transfer analysis) and pressure loading were computed. The leading edge was
found to have an adequate margin of safety on pressure containment capability.
The estimated plastic strains during each operating cycle were also computed
and a predicted life in excess of 225 cycles was obtained.
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4.4.4 Test Section Design

4.4.4.1 Cooling Analysis and Test Simulation

The outer body leading edge test section was designed to provide a
geometry like that in the flight engine for the area immediately adjacent to
the stagnation region. While stagnation line heat flux is to be achieved,
surface heat flux will be somewhat less than design point heat flux since the
surfaces are not the area of primary concern.

A cooling hydrogen flow of 0.075 Ib/sec at 200°F was assumed for

inlet test conditions. At a heat flux of 74 Btu/sec-ft2, the hydrogen
temperature increases |14°R to an outlet temperature of 314°R. By use of a
20R-.075-.100-.004 fin (slightly taller than the flight engine fin of about
20R-.050-offset-.004), the fin AT is about 67°R for wall temperatures of 267°R
at the hydrogen inlet and 381°R at the hydrogen outlet.

The manifolds and tubes were sized for the test section based on the
results obtained from the analysis on the flight engine. The test section
plumbing was sized to simulate the flight hardware. The results for the two
test unit cases are shown in Figure 4.4-5.

4.4.4.1.1 Heat Flux Calculations

The objective of work on the outer body leading edge test section was to
define the test apparatus and flow conditions so that the test specimen will
experience the same level of heating as the flight engine would at the most
critical conditions (M = 8; Alt = 81,000 ft). At this flight condition, the
heat flux will be 670 Btu/sec-ft? at the stagnation line of the cowl lip. The
average heating on the forward 4 in. of the cowl is 60 Btu/sec-ft? on the
outer surface, and 180 Btu/sec-ft? on the inside surface. In the phase I
calculation, the outer body leading edge heat flux was 450 Btu/sec-ft? for the
same flight conditions. The reason for this difference is attributed, in
part, to the heat transfer equations used and, in part, to use of total instead
of static pressure aft of the bow shock. The present calculation was by the
method of Fay and Riddell (Reference 4), while that for the previous calcula-
tion was by the method of Reshotko and Cohen (Reference 3), and resulted in
values equal to Krieth (Reference 6). The leading edge heating calculation
by the methods of References 4 and 6 are compared below.

Flight conditions and equations for cowl lip stagnation line heat
transfer:

M, =8 Yo = 1.29

P, = 30.2 psia Alt = 81,000 ft
TTZ = 4650°R P, = 27.8 psia
V, = 1140 ft/sec Po = 0.38 psia
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FOR CASE 1 (LARGER TUBES)

0.0646)
0.500)

A, = 0.328 IN2 (ID
A, = 0.196 INZ (ID

FOR CASE 2 (SMALLER TUBES)

A, = 0.1385 IN2 (1D = 0.420)

!
A. = 0.0706 IN?2 (1D = 0.30)

2

1}

INLET TUBE ARRANGEMENT
FOR ENGINE CONFIGURATION

OUTLET TUBE ARRANGEMENT
FOR ENGINE CONFIGURATION

Figure 4.4-5.
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SCHEMATIC OF LEADING
EDGE COWL TEST SECTION

|—-————5.33 IN.—————-4 A=
y'd

,—ﬂ/A=O'5 A2 m

j 2
EXIT MANIFOLD, A = 0.293 IN

FINNED SECTION

INLET MANIFOLD. A = 0.1954 IN2

l;"'_-_‘A = 0.5 A]

8 IN.

NOTE
THE CROSS-HATCHED AREAS

REPRESENT THE AREA WHICH

THE TEST SECTION WILL
S IMULATE.

A-27906

Test Section Plumbing
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Metho

d (1, Fay and Riddell (modified for 2D}:

0.56
T

du E\/2889(PT2-P
dx D pT2

[
- 0. ! \
q __T_Prw —Z (pu)w <pu,T2

4 du
(HT B Hw)\} dx

where =
q = 670 Btu/sec-ft?
Method {2, Kreith:
k
_ _f [pubd 0.4
q = 1146 5 (57 ) Prg
.F
where kf, P> and uT are evaluated based on
T + T
T - gas W
f 2
q = 450 Btu/sec-ft? by Kreith
Symbols
D = leading edge diameter, ft
H = enthalpy, Btu/lb
h = film coefficient, Btu/sec-ft2-°F
k = conductivity, Btu/sec-ft-°F
P = pressure, psia
Pr = Prandtl No. = Eﬁii
q = heat flux, Btu/sec-ft?
Re = Reynolds No. = E&Q
T = temperature, °R
U = velocity, ft/sec
vy = specific heat ratio
M= viscosity, lb/sec-ft
p = density, lb/cu ft
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Subscriptions

® = free-stream condition {upstream of bow shock)

f = properties evaluated at the arithmetic average temperature between
the hot gas and the wall

T = total (otherwise static)

w = wall

» = aft of the bow shock

4.4.4.1.2 Test Tunnel

The test tunnel is a two-dimensional channel with a 6-in. straight
section of 2 by 8 in., followed by an 18-1/2 deg half-angle divergent channel
(Figure 4.4-6). The 6-in. straight section serves two purposes: (1) to allow
the inviscid portion of the flow to settle any upstream disturbance, and
(2) to permit the boundary layer in the tunnel wall to develop a turbulent
flow at the test section. This latter condition will permit side wall radia-
tion to contribute approximately 24 Btu/sec-ft? of net heat flux to the
flat surfaces of the test unit.

4.4.4.1.3 Calculated Heat Loads

Maximum test heating conditions are listed below:

W = the mass flow rate = 6.4 Ib/sec
P = the reservoir pressure = 100 psia
T = the reservoir gas temperature = 4000°R

Calculated heat fluxes are listed below:

g/A in Test q/A in Flight
Btu/sec=-ft? Btu/sec-ft*
Leading edge stagnation line 670%* 670
Quter Surface 64 60
Inner Surface 64 180

The required flow rate is 6.4 Ib/sec and the corresponding velocity
is 890 ft/sec at the leading edge in the test section. The stagnation
line heat flux is 670 Btu/sec-ft? based on a wall temperature of 2000°R.
The test unit boundary layer will be laminar and the predicted average

*For wall temperature of 2000°R.
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convective heat flux is approximately 40 Btu/sec-ft?. Since the tunnel wall is
made of zirconium oxide, ZrQ,, there is little conduction loss. Hence, the
convective heat load incident on the tunnel wall will be rejected primarily
through radiation to the test unit. At a steady state, the net radiative heat
flux of 24 Btu/sec-ft? equals the convective heat flux to the tunnel wall.

The test conditions which meet the requirements of the stagnation line do not
produce the flight condition heating to the flat surfaces. By having a 6-in.
straight section upstream of the test sections so thatRe =~ 5 x 10°, turbulent

conditions will increase convective heating. The tunnel wall equilibrium
temperature will be 3320°R and a net radiative heat flux of 24 Btu/sec-ft? is
expected. The total net heat flux to the side wall of the test unit will be
64 Btu/sec-ft?, which is very close to what the outer surface of the flight
engine cowl will receive. No attempt will be made to simulate the higher heat

flux encountered on the interior cowl surface.

4.4.4.2 Structural Analysis

The outer body leading edge test section was analyzed in order to
evaluate possible configurations. Figure 4.4-7 shows the results of the
investigation. Cases | and 5 can support the 100 psi external pressure, while
the other combinations are not satisfactory.

Combined axial and bending stresses due to 700 psi internal pressure at
the leading edge in the vicinity of the stagnation point will be around 8140

psi. Temperatures during testing will create plastic strains, but the magni-
tude of these strains will be such that the expected number of allowable
cycles will exceed 4000 if the maximum AT does exceed 300°F, and the maxi-

mum metal temperature will be below I550°F.

Fins at the leading edge will be 20R-.020-.003. The margin of safety is
0.112 based on the combined loads due to 700 psi internal pressure and the
differential radial expansion of the face metal and using a fin efficiency
factor of 0.33.

The analysis revealed that the maximum allowable span of 0.015-in. thick
Hastelloy X sheet would be less than 0.1 in.
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OUTER BODY LEADING EDGE TEST SECTION
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Figure 4.4-7. Outer Body Leading Edge Test Section
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4.5 INLET SPIKE ACTUATOR

The inlet spike actuator has two functions: (1) it is used to modulate
the inlet spike to the position required by aerodynamic considerations, and
(2) it serves as the support for the inlet spike, and consequently must be
structurally designed to limit deflection of the inlet spike to levels accept-
able for translation of the spike over the inner body.

4.5.1 Operating Requirements

Preliminary operating requirements established for the inlet spike
actuator are as follows:

Aerodynamic loads Maximum axial: 1733 1b
Maximum normal: 6446 1b

Load due to bellows 0 to 1500 1b (spring rate load of parallel
bellows for 0 to 5.3 in. actuator exten-'
sion; load is in same direction as axial
aerodynamic load, tending to retract

actuator)
Internal pressure load
Steady state 0 to 15,000 1b acting to extend actuator
Transient 0 to 20,000 1b acting to extend actuator
during inlet unstart
Inertia load 100 1b
Operating gas Nitrogen, 5 Ib total, stored at 5000 psig,

at -35°F to 160°F

Actuator Stroke: 5.3 in.
Piston diameter: 3.5 to 7.0 in.

Actuation rate Minimum acceptable: 0.5 cps
Desired: | cps

Positioning accuracy M =3, 4: £0.08 in.

M =6: £0.075 in.
M = 8: £0. 144 in.

Permissible overshoot For sudden application of reverse load,
actuator may extend against stops (inlet
closed)

Load profiles As shown in Figures 4.5-! and 4.5-2 for

inlet opening at M = 3 and M = 8 (extreme
cases). Individual loads are shown, not
totals. Load profile for closing is
assumed identical to that for opening of
inlet
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Figure 4,5-1, Actuator Load Profile for Mach 3
‘(;;-v-.;) AIRESEARCH MANUFACTURING DIVISION 67-2161
. Las Angetes Uabforis

Page 4=73



INLET OPEN

-3

LOAD, LB X 10

INLET CLOSE

e
(GA““E"

REVERSE

I
3] 733

2 4,

LOAD AREA = 135 SQ IN,

AERODYNAMIC

BE LLOWS

TTTTITTIIITTITIIIIITIVITIIT I )77,
AR Ny

1_:\\ < ‘
0 o

——— 930
AN SNy 4y

SATETTCETTRRRT

T
3 SNy

\\—1500

2400

’/————— NORMAL MODE

| LB — I I
2 3 4 5 6

RETRACTION, IN.

>

201

SHOCK EXPELLED

0.002 SEC

_—
-~
Y

20,000

Figure 4.5-2.

AIRESEARCH MANUFACTURING DIVISION

Lo Aappeles altoeng

A-28035

Actuator Load Profile for Mach 8

67-2161
Page 4-74



Vibration requirement

Environment

Fall safe position

Design life

Typical Operating Sequence:

B-52 airplane

No natural frequencies or vibratory
outputs from I5 to 17 cps

Input to engine
a. 0.06~in. double amplitude, 10 cps
to 31 cps
b. 3 g, 31 ¢cps to 2000 cps

c. Random, 6 g rms for 2 min, Gaussian
band-1imited from 20 cps to 2000
cps at 0.018 g®/cps

Pressure: 4.7 psia to 0.3 psia

Temperature: =-65°F to 450°F (soak tem-
perature of actuator mass
can be reduced by insulation

Actuator extended (inlet closed)

100 missions for the operating sequence
outlined below

a. Actuator fully extended (inlet closed): 150 sec after launch from

b. Actuator retracted (inlet open) to operating position: 0.5 sec

c. Engine operating, with either of the following conditions:

(1) Normal engine operation, actuator modulating around selected

operating position:

(2) 1Inlet unstart:

40 sec maximum

(a) Actuator fully extended (inlet closed): 0.5 sec

(b) Actuator retracted (inlet open): 0.5 sec

(c) Actuator modulating: 40 sec maximum

d. Actuator fully extended (inlet closed): 0.5 sec

e. Actuator fully extended:

[50 sec for return to launch altitude

f. Soak: In flight on B-52 for 75 min at 45,000 ft. Actuator will be
fully extended during these periods and latched.
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4.5.2 Design Concept

Based on the operating requirements presented above, preliminary analyses
show that a pneumatic actuator, using a hydraulic damper, is feasible. The
large reverse loads developed during certain operating conditions, however,
result in a relatively large piston diameter. Preliminary calculations indi-

cate that piston diameter of approximately 7 in. may be required, in combina-
tion with a hydraulic damper.
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5.0 DESIGN EFFORT

During the reporting period, design layout work has been accomplished
on the nozzle, the inner body-outer shell support strut, and the outer body
leading edge. Layout design of the nozzle and layout of the inner body-outer
shell support strut assembly has been completed. Outer body leading edge
configurations have been evaluated to the extent necessary to permit defini-
tion of candidate leading edge designs for further consideration. With
definition of the inner body-outer shell support strut assembly, layout work
on the shell was initiated.

5.1 NOZZLE

5.1.1 Design Ground Rules

The nozzlie involves two critical design problems; (I) provisions for assem-
bly of the nozzle to the inner shell must be made, and (2) access to permit
such assembly must be provided. Conceptual design of these areas proceded
on the assumption that all of the nozzle and structure brazed directly to
the nozzle would soak to temperatures of approximately 1600°R prior to start
of coolant flow in flight. This assumption is the most pessimistic that
can be made but is justified by the uncertainity of predicting the exact
temperatures achieved in the shell. The importance of this assumption is
that the use of all organic seals is barred; metal seals only are acceptable.
Many of the design features adopted stem directly from this basic assumption.

5.1.2 Features

Drawing L-980604 is the completed layout of the nozzle. This redesigned
nozzle is expected to meet the thermal and structural requirements encountered
during engine flight testing.

5.1.2.1 Nozzle Cap

The nozzle cap is used to make the final engine closeout. It is
threaded into the brazed mounting provided on the shell and is locked into
position using the center bolt. Although the locking bolt picks up load
by its mere presence, its primary function is to lock the nozzle cap against
rotation. The seal at the bolt end is a standard part suitable for use with
threaded fittings. The large seal at the interface with the shell is a
specially fabricated seal of the same type as the one used under the bolt.
"K" seals are used to seal the nozzle cap cavity from the remainder of the
nozzle. Removal, in turn, of the bolt, the cap, the male thread supporting
the cap, and the central tube gives access to the nozzle cavity. Connections
for instrumentation of the nozzle can be made and access to the bolts with
which the nozzle is mounted to the inner shell is provided.
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5.1.2.2 Bolted Flange/Manifold

The flange/manifold consists of the manifold itself, fabricated as a
weldment from two machined pieces, and a brazed face. The coolant crossover
connection to the burner is provided by ports sealed with conventional "K"
seals. Fastening occurs on either side of the seal using blind inserts in
the flange/manifold assembly. The tubes shown extending from the
manifold serve to guide a flexible shaft used to torque the bolts- It is
welded into the manifold to eliminate possibility of leakage.

5.1.2.3 Shell

The thermal design of the shell has been re-evaluated with the objective
of using a single fin height along the entire length of the nozzle shell.
During Phase I, different fin heights were used to reflect variations in
heat flux. The analysis has shown that use of a single fin height is feasible
and even desirable. The resulting increase in pressure drop is within accept-
able limits and aids in assuring better flow distribution than could be
obtained with the very low pressure drop encountered in the two-fin approach.
Use of a single fin also is expected to simplify manufacture and assembly of
the shell.

5.2 INNER BODY-OUTER SHELL SUPPORT STRUT

5.2.1 Design Ground Rules

The design of this critical interface used the loads generated during
Phase I of the program. The primary objective of the conceptual design work
accomplished on this assembly was to achieve a bolted assembly as opposed to
a brazed assembly of the strut to the inner body and the outer shell. The
advantages afforded by the possibility for assembly and disassembly were
secondary to the advantages expected in accomplishing the initial assembly.
While the brazed assembly represents a basically feasible concept, it entails
requirements for relatively complex fixturing during brazing to ensure that
the required tolerances and concentricities are maintained. The use of a
bolted assembly offers an opportunity for mechanical adjustment to obtain
the necessary alignments and concentricities. The bolted assembly that
evolved from this study has been evaluated for structural and thermal perfor-
mance and appears adequate for the predicted loads.

5.2.2 Features

Drawing L-980608 shows the conceptual design of the selected support
strut assembly. This drawing necessarily shows an assembly which will
eventually be encountered only on the final assembly drawing for the inner
body-outer shell support strut. Although the basic features of the design
shown in the layout are expected to be retained, layout of the inner shell
and of the outer shell is expected to lead to modifications of the strut
mounting details.

AIRESEARCH MANUFACTURING DIVISION 67-2161
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5.2.2.1 Assembly

Assembly of the inner body and outer shell by the support strut will
involve first, the placement of the two shells and alignment of the cutouts
in the shells. The strut will then be inserted from outside and bolted to
the socket in the inner body. The bolts will be tightened to predetermined
torque values. The mounting flange on the outer shell has brazed,threaded
studs which pass through clearance holes in the strut flange. The nuts used
on these studs are again tightened to preselected torque values. The air
seal is formed by a flat gasket type seal. Material tentatively selected
for the seal is annealed copper.

The exit tube for the leading edge requires its own seal (not shown in
the layout) which is expected to be formed by a bellows joined to the inner
shell and the exit tube after assembly. Use of this separate seal avoids the
need to extend the flat gaskets into the leading edge area and eliminates
the resulting ledge on the gas side of this area. Analyses have shown that
cooling of such a ledge requires special provision.

5.2.2.2 Manifolding and Structural Attachment

Adequate cooling of the strut requires two separate flow routes, one
for the leading edge and one for the main portion of the strut. The leading edge
is cooled using |00°R hydrogen at a flow rate equivalent to that required
to provide cooling to the entire inner body. The main strut is cooled with
outer shell coolant, taken from the aft manifold shown in the layout, flowed
axially along the strut and then discharged into the fuel plenum.

Structural loads are reacted at the fuel injection manifolds near the
leading edge of the strut and at the manifolds near the trailing edge of
the strut. The basic structural design problem is the attachment of the strut
mounting to these manifold rings. The fuel injection manifold at the center
of the strut is not necessary as a structural member and has, therefore, been
made 1ightweight and is not tied to the strut mountings.

All hydrogen plumbing connections that are required to pass through the
strut will be metallurgically joined to their mating lines. Disassembly of
the shells, therefore, will require cutting of the lines. This is considered
preferable to the use of a multiplicity of threaded connections.

In addition to the critical structural attachments required in the strut
assembly, thermal stress problems are expected to be serious. The presence
of relatively large masses on the thermally responsive shells is unattractive.
The extent of the thermal stress problem will be evaluated experimentally in
the full-scale tests.

5.2.3 Fabrication Requirements

The strut itself is not expected to involve serious fabrication problems.
The machining operations on the strut, although numerous, can be accomplished
with conventional machine tools or by electrical discharge machining. The
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critical areas for manufacturing are the interface of the strut mountings
with the manifold rings at the two ends. Extremely precise fitup is required
here to facilitate the necessary brazing operations.

Assemby will involve tacking of the rings and strut mountings to the
already brazed shell and joining of these components to the shell in a single
braze cycle. The tie-in of the strut mountings to the rings by gussets is
expected to require an additional braze cycle. Since this part of the
structure will be operating at maximum temperatures of 1600°R, considerable
flexibility exists in the selection of braze filler alloys and no problems
with remelt of the alloys or dissolution in previously brazed assemblies is
anticipated.

5.3 OUTER BODY LEADING EDGE

5.3.1 Design Ground Rules

The objectives sought in the conceptual design layout studies of the
leading edge were:

Increase of the gap for coolant flow at the leading edge
stagnation line. It is considered that reliable manufacture
requires a gap of approximately 0.020 in. Gaps less than this
are subject to plugging by braze alloy and require extremely
careful control of braze alloy quantity and braze cycles.

A manifolding arrangement into and out of the leading edge
which permits flexibility in the selection of manifold
cross-sectional area and number of inlet and outlet lines.
This flexibility, in turn, assures opportunity for control
of leading edge flow distribution.

Temperature matching at the inlet and outlet stations of the
leading edge section. Temperature differences up to about
300°R at these sections are expected to be tolerable. Much
larger temperature differences are likely to lead to serious
thermal stress problems.

5.3.2 Concepts

Drawing L-980600 shows a number of leading edge concepts. All concepts
shown in this drawing follow the arrangement evolved during Phase I of the
program. Emphasis in these concepts is, therefore, on use of small gaps in
the stagnation line area and control of the plugging by various mechanical
means. In general, none of the concepts shown in this drawing are considered
particularly attractive. Flow around the leading edge was, therefore, re-
studied in terms of leading edge and outer shell cooling requirements.

Use of all of the coolant required in the forward portion of the outer shell
through the leading edge was found to yield an attractive solution and

meets the basic design ground rules. Drawings SK-51305, SK-51306, SK-51307,
and SK-51308 show concepts incorporating this flow routing. Drawing SK-51306

AIRESEARCH MANUFACTURING DIVISION 67-2161
{04 Angetes. Calforria Page 5-4




is the simplest and most direct of the concepts. The two principle areas

of uncertainity involved in this concept are the nature of the coolant flow
around the leading edge and the feasibility of a welded joint along the
stagnation line. This concept has been selected for experimental verification
to establish the adequacy of cooling.

Drawing SK-51305, shows a more complete arrangement of the leading
edge and a leading edge configuration which involves flow parallel to the
stagnation line. The principle problems with this concept involve the flow
routing out of the leading-edge channel into the main stream. Fabrication
of the skin joint at the leading edge is, similarly, a considerable manufac-
turing problem. A braze joint in this area appears required since welding
in the presence of braze alloy would constitute a questionable procedure.
The detail shown for the manifolding of the leading edge represents the
current concept. The ablatively cooled cow! is brought forward to near the
midpoint of the leading edge section. Removal of the cowl makes available
the manifold joints in the leading edge which is expected to facilitate
manufacturing assembly. This configuration of the leading edge will be
experimentally evaluated as a leading-edge straight section.

Drawings SK-51307 and SK-51308 show two concepts for the use of copper
tips in the stagnation area. The difficulty of reliably joining the copper
tip to the remainder of the leading edge has caused rejection of the concept.

5.3.3 Test Section

Figure 5.1-1 schematically shows the cowl leading-edge straight section to
be used in the evaluation of the concept shown in Drawing SK-5I30g.

5.3.3.1 Design Objectives

The purpose of this test section is to evaluate thermal fatigue and
coolant-side heat transfer in the area of the immediate leading edge. 1In
addition, the manifolds have been so0 scaled as to permit a qualitative assess-
ment of flow distribution that is expected to be applicable to the full-scale
outer body leading edge.

5.3.3.2 Features

The leading section of Drawing SK-51306 is duplicated in the leading,
edge straight section. The internal portion of the test section will be
sealed against gas pressure to simplify instrumentation and plumbing connec-
tions. The webs shown in Figure 5.1-1 provide buckling strength to the
surface panels. Cast zirconia pieces are used on the manifold and at top
and bottom to protect these uncooled or inadequately cooled areas.
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6.0 MANUFACTURING

6.1 COMPOUND-CURVED MODEL

The compound-curved model, shown in Figure 6.1-1, is a half-scale section
of a portion of the inlet spike incorporating inner and outer skins, fins,
end closures, and manifold rings.

6.1.1 PurEose

The purpose of the compound-curved model is to evaluate manufacturing
methods, assembly, and brazing procedures for guidance in fabrication of the
full-scale cooled structures components.

6.1.2 Approach

Manufacturing processes and tooling for the model details are similar to
those set up for the full-scale structure. Modifications found necessary to
produce acceptable components can then be incorporated in the initial processing
and tooling for the full-scale components.

Methods of brazing, using a self-fixturing arrangement and/or graphite
fixtures, will be investigated.

6.1.2.1 Manufacturing Sequence and Tooling

6.1.2.1.1 Inner and Outer Skins

The inner and outer skins of the compound-curved model are fabricated
from Hastelloy X sheet stock in the following sequence of operations:

a. Cut and trim sheet stock from blank to form cone
b. Roll-form cone and weld joint

c. Spin flange on large end of cone

d. Stretch-form to die contour

e. Anneal

f. Chemically mill to specified thickness

g. Trim to specified length and end diameters

AIRESEARCH MANUFACTURING DIVISION 67-2161
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h. Grind weld flush

i. Polish surface

j. Electrohydraulically form to final contour
k. Trim to final length

Inspection and/or cleaning operations which are made after each of the above
operations have not been listed.

Special tooling consists of templates for checking contours, forming
dies for the stretch and electrohydraulic forming, spin chuck for spinning
flange, and trimming fixtures for sizing length of skins.

An inner skin after stretch forming, is shown in Figure 6.1-2.

6.1.2.1.2 Other Detail Components

All other details of the compound-curved model assembly (fins, headers,
and manifolds) are fabricated by conventional machine shop and sheet metal
shop practices and require no special tooling except for the manufacture of
the fins, which are made with available fin dies.

6.1.2.2 Brazing

A two-cycle brazing operation will be used to accomplish the assembly
of the compound-curved model; the first cycle, using a high temperature braze
alloy (Palniro 4), to braze the basic assembly of skins, fins, and headers;
and the second cycle, using a lower temperature braze alloy (Palniro | or
Palniro 7), to braze the manifolds to the basic assembly.

6.1.2.2,1 Assembly of Components

Components are assembled by tack welding brazing foil, large end header
ring, fins, and small end header ring to the inner skin in the order listed.
Brazing foil is tack welded to the inner surface of the outer skin, then the
outer skin is heated, slipped down over the inner skin, and on cooling pro-
vides a tight fit between components. To ensure retaining assembly alignment,
the outer skin is tack welded to the header rings.

Brazing foil is tack welded to the joint surface of the manifold rings,
then the ring and foil assembly is installed and tack welded to the inner
surface of the inner skin for the second braze cycle.

‘ AIRESEARCH MANUFACTURING DIVISION . 67-2161
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of Compound-Curved Model
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6.1.2.2.2 Brazing Fixtures

Fixturing methods being considered for the brazing operation are:

Self-fixturing - Shrink-fitting of outer skin with and without
use of seal-welded header to skin joint and internal vacuum.

Graphite fixtures - To hold and load the assembly during the
brazing cycle.

6.1.3 Tooling and Fixtures

Tooling and fixtures are shown in the figures listed below.

Figure No. Tool No. Title

6.1-3 T-607302 Tracer Template
T-607306 Tracer Template
T-607311 Tracer Template
T-607312 Tracer Template

6.1=4 T-607317 Stretch-Form Tooling

6.1-5 T-607305 Trim Fixture

6.1-6 T-607318 Spin Chuck

6.1-7 T-607310 Graphite Braze Fixture

6.1-8 T-607309 Assy Tack Weld Fixture

6.1-9 T-607307 Final Sizing Die

6.2 FLAT PANELS

6.2.1 Purpose

Flat panels are being used to evaluate the effects of braze alloy foil
thickness, brazing cycle time, and fin material thickness on the structural
strength of the cooled structures.

6.2.2 Approach

Flat panels are used to permit close control of all variables in order
to accurately evaluate specific variables affecting the structural strength
of the cooled structure.
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Figure 6.1-3. Tracer Templates (Tool No. T-607302,
T-607306, T-607311, and T-607312)
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Figure 6.1-4. Stretch Form Tooling (Tool No. T-607317)
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Figure 6.1-5.
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Figure 6.1-8. Assembly Task Weld Fixture (Tool No. T-607309)
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Figure 6.1-9. Final Sizing Die (Tool No. T-607307)
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6.2.2.1 Manufacturing Sequence and Tooling

The detail parts for the flat panels are fabricated by conventional
machine shop and sheet metal shop practices. Available dies are used for
fabricating fins and one-piece headers. No special tooling or manufacturing
processes are required.

6.2.2.2 Brazing

A single brazing cycle is used for the panels shown in Figure 6.2-1.
Panels shown in Figure 6.2-2 are brazed in two cycles, the first cycle
brazing the flat panels, and the second cycle, with a different braze alloy
at a lower temperature, used to attach the tubes and washers to the panels.

Panels are brazed by stacking and loading the stack with weights to
apply a uniform pressure during the brazing operation. A vacuum furnace
with temperature control is used for the brazing operations.

6.3 NOZZLE BOLTING TEST SECTION

Limited space and access is available to install the bolts attaching
the nozzle assembly to the inner shell assembly. The test section duplicates
the available space and will be used to develop special wrenching tools for
installing and removing the nozzle-to-inner shell attaching bolts.

Figure 6.3-1 is a photo of the test section, the sheet metal section
simulating the available space in nozzle and the block simulating the inner
shell flange.
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Figure 6.2-1.

AIRESEARCH MANUFACTURING DIVISION

Los Angeles. Cahfornia

Type 1 Flat Panel Configuration

67-2161
Page 6-14



59986~

Figure 6.2-2,

‘ AIRESEARCH MANUFACTURING DIVISION
tos Angeles California

Type 2 Flat Panel

Configuration

67-2161
Page 6-15



Figure 6.3-1.
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7.0 TESTING
7.1 FLAT PANEL TEST OBJECTIVES

Tests were conducted on flat panels to evaluate the brazing procedures
and short term burst and creep rupture strengths for three types of brazed
test panels, using brazing foil thicknesses and brazing cycle times as tabu-
lated in Table 7.1-1.

7.2 DESCRIPTION OF TEST PANELS

The test panels shown in Figure 6.2-1, Type | panel, and Figure 6.2-2,
Type 2 panel, are also typical for the Type 3 panels. They are 2 by 3 in.
sections consisting of a single layer of fin, brazed between two sheets
separated by header bars, as shown in the exploded view, of Figure 7.2-1I.
Basic construction is the same for all three types, although details of the
header construction and tube connection on Type | differs from that on Types
2 and 3 for reasons of manufacturing convenience.

7.3 FLAT PANEL TEST PROCEDURE

7.3.1 Leakage and Proof Pressure Test

Panels were connected to a nitrogen gas supply, pressurized to 1050 psig,
and checked for leaks and any indications of permanent deformation to test
the structural integrity of the brazed assembly. All test panels were sub-
jected to this test before being instrumented with thermocouples for short
term burst or creep rupture tests.

7.3.2 Short Term Burst Test

Test panels were instrumented to measure panel temperature and pressure
and installed in one of the Marshall muffle furnaces shown in Figure 7.3-1
for elevated temperature tests, or in a water tank for ambient temperature
tests. Pressure was applied and slowly and continuously increased until
failure by rupture or deformation occurred.

7.3.3 C(Creep Rupture Test

Panel instrumentation and test setup for this test were the same as used
for the short term burst elevated temperature tests. Test panels were
installed in the furnace. Furnace temperature was then raised to bring the
test specimen to specified temperature in approximately one-half hour. Speci-
fied pressure was then applied and both temperature and pressure held at
specified values until failure occurred.

7.4 TEST RESULTS

7.4.1 Leakage and Proof Pressure Test

A1l test panels, fabricated to date, completed this test satisfactorily.
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Figure 7.2-1. Exploded View of Flat Panel
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Figure 7.3-1. Regenerative Cooled Panels High
Temperature Test Facility
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7.4.2 Short-Term Burst Tests

Results are tabulated in Table 7.4-1, but have not been fully analyzed.
Visual inspection of fail test panels indicates that all braze joints were
satisfactory and that ruptures occurred as tensile ruptures of the fin material.
Typical failures for each type of panel are shown in Figures 7.4-1, 7.4-2, and
7.4-3. Metallurgical inspection of typical failed panels is in progress for
further evaluation.

Results for the Type 2 test panels indicate that the ultimate strength
decreased with increase in the brazing cycle time. Further evaluation of the
effect of brazing cycle time will be made on additional Type | and Type 3 test
panels which have been brazed using a 20-min cycle time.

7.4.3 Creep-Rupture Tests

Results which have not been fully analyzed are tabulated in Table 7.4-I
and typical creep rupture test failures are shown in Figures 7.4-4 and 7.4-5
for Type 2 and Type 3 panels.

Visual inspection and preliminary analysis of the test results indicate
the same conditions for rupture as obtained on short-term burst tests. Addi-
tional test panels of Type | and Type 3 configurations will be used for further
evaluation of the effect of braze cycle time on creep-rupture strength.
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Figure 7.4-1. Short-Term Burst Rupture,
Type 1 Flat Panel Configuration
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Figure 7.4-2.
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Figure 7.4-3. Short-Term Burst Rupture, Type 3
Flat Panel Configuration
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Figure 7.4-4, Creep Rupture, Type 2
Flat Panel Configuration
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Figure 7.4-5.
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8.0 SUMMARY OF STATUS

8.1 OVERALL ENGINE DESIGN

The design conditions and loads, as established during Phase I of the
program, were used to review the thermal and structural design of the engine.
The purpose of the review was to verify the adequacy of the general design
as opposed to detail designs. Analyses of the regeneratively cooled shells
has shown satisfactory margins of safety for the gauges and stiffening
selected during Phase I. Heat transfer analysis has shown opportunities
for simplification of the coolant side configuration {reduction of the
number of different fins and fin heights required), but substantiated the
adequacy of the solutions established during Phase I. The results of the
design review are being used as a basis for definition of the sizing dies
required for forming of the shell face sheets. Early definition and fabri-
cation of these tools is being scheduled.

8.2 INNER BODY NOZZLE

The principle problems encountered in design of the nozzle are the
method of attachment of the nozzle to the burner assembly and design of a
nozzle cap compatible with the assembly procedure. A bolted flange, using
metallic face seals, was the solution selected for nozzle assembly to the
engine. A threaded cap will be used to form the remainder of the nozzle.

8.3 INNER BODY-OUTER SHELL SUPPORT STRUT

The design for the inner body-outer shell support strut has been revised
and involves a bolted assembly as opposed to the brazed assembly used in
the Phase I design. The bolted assembly was selected because it is expected
to reduce risk during final engine assembly. The critical problems in
achieving a satisfactory bolted assembly are the provisions necessary to
react the strut loads into the shells by means of the stiffening rings
(manifolds). To minimize section thickness and ensure efficient design,
relatively detailed and complex analyses are required. The design that
was involved is considered satisfactory for the structural and thermal
loads used in the analyses.

Revision of the strut stagnation line heat flux relative to the value
used during Phase I resulted in a critical cooling problem at the leading
edge. Satisfactory solution of the problem required the use of a separate
flow route along the leading edge. The large heat flux predicted and local
heat flux steps due to boundary layer interactions at the leading edge led
to adoption of an 0.080-in. strut leading edge radius.

~ 67-2161
([camrevy)| AIRESEARCH MANUFACTURING DIVISION
Fs 106 Angeles Calforaia Pa ge 8-1




Since the bolted design tends to reduce the open cross section of the
strut that is required for plumbing and wiring pass-through, the aerodynamic
shape of the strut was reviewed and modified. A minimum drag body having
the required cross sectional area was designed and will be used in subsequent
work.

8.4 COMPOUND-CURVED MODEL FABRICATION

Fabrication of compound-curve models was initiated with shells fabricated
as part of an in-house R&D program. A total of 13 shells were available. Of
these, |2 were rejected following chemical milling because of excess material
removal. The procedure had been verified by use of one of the satisfactory
shells. Splitting of 4 replacement thin shells during bulge forming has re-
sulted in modification of the welding procedure and addition of trim material
to the end of the shell.

8.5 FLAT PANEL EVALUATION

The results of burst and creep rupture tests on the specimens indicate
that the design factors used in establishing fin thicknesses for pressure
containment are satisfactory. The test indicate that fin thickness does not
have to be increased in any area relative to what was used during Phase I
and that reductions in fin thickness are possible in some areas.

The effect of the amount of braze filler alloy and time at brazing
temperature were also investigated as part of this work. Significant effects
were demonstrated for both of these variables. Evaluation of additional
test specimens for extended times at brazing temperature (20 minutes) has,
therefore, been scheduled. The significant reduction in strength obtained
with 0.0005-in. braze foil thickness compared to 0.00l-in. braze foil
thickness indicates that the heavier foil should be used for best strength.

8.6 INLET SPIKE ACTUATOR DESIGN

As a first step in the inlet spike actuator design, the operating
conditions for the actuator have been established in light of a more detailed
knowledge of engine operating conditions and design. The magnitude of the
loads and the load profile impose design problems for the actuator as to size
and weight, quantity of pressurant for operation, and response. The solution
being investigated involves a pneumatic piston combined with a hydraulic
damper.
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9.0 FUTURE ACTION

Critical problem areas or activities that will extend into the next
quarterly reporting period include the following:

a.

Definition of inlet spike to inner body shell interface.- In
addition to constituting a problem in its own right, the design

of this interface will directly affect the design of the inlet
spike actuator. The best solution appears to involve the use of

a welded bellows. Such a bellows can provide a zero-leakage seal.
On the other hand, the high pressure loads that must be sustained
by this bellows during inlet unstart make the design of the bellows
itself problematical.

Preliminary design of inlet spike actuator.~ For the loads and load

profiles currently predicted for the actuator, a pneumatic device
appears marginal. The actuator loading, however, is very strongly
influenced by the design of the inlet spike/inner body interface
and makes resolution of this interface important. Preliminary
design of the actuator will be based on currently known 1 oads,
which are considered realistic.

In addition to its actuation function, the actuator serves as the
support for the inlet spike. The structural design problem is
one of limiting deflection of the moveable spike. Evaluation of
this problem, in turn, requires definition of actuator size and
configuration. The contribution of the actuator to the total
engine weight is significant. Incentives, therefore, are strong
for finding ways to minimize actuator loads to the point where
the structural deflection limits design.

Computer programming of a structural model of the engine.- Engine

static loads can be and have been reasonably well defined. Dynamic
loads are being approximated by use of assumed dynamic input
amplification factors. Verification of the assumption requires

the results of the model analyses. Computer programming was
started during this reporting period and will extend into the

next reporting period.

Full-scale component sizing die fabrication.- These dies constitute

the pacing item in fabrication of the components. The design
drawing for the sizing dies have been completed and submitted to
forging vendors for bid.

AIRESEARCH MANUFACTURING DIVISION 67-2161

{s Angeles Callformia

Page 9-1



AIRESEARCH MANUFACTURING DIVISION

Thermal transient analysis of the engine based on predicted mission
profiles.- Detailed estimates of the thermal response of the engine
structure is required to establish adequacy of the design. Prelimi-
nary transient analyses performed during Phase I have shown accept-
able thermal transients. The detailed analysis to be initiated
during the next reporting period will be studying the designs
evolved during the current phase of the program, since significant
differences have occurred.

Coolant flow distribution as a function of engine operating

conditions.- A preliminary analysis of this problem was performed

during Phase I. This data has been reviewed during the reporting
period. Further analyses to establish the requirement for orificing
and for valves to ensure flow balancing in the various routes for
different mission profiles is planned. The possibility of adjust-
ing pressure drops in the various flow routes for individual missions
prior to each mission is being considered.
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